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Abstract
A novel post-translationally modified asparagine, y-iV-methylasparagine 
(NMA), has been characterized at the p-72 site in many phycobiliproteins. The 
behavior of a NMA-containing peptide under Edman degradation conditions 
employed for sequence analysis was examined; NMA can be reproducibly 
identified in protein sequences by careful attention to repetitive yields and the 
presence of minor peaks.
The effects of asparagine methylation on photosynthetic rates in the 
cyanobacterium Synechococcus PCC 7942 and two methylase-minus mutants was 
measured by steady-state oxygen evolution in whole cells. The methylase-minus 
mutants demonstrated lower rates of electron transfer through Photosystem II under 
conditions in which phycobilisomes were preferentially illuminated at low light 
intensity. Asparagine methylation is also associated with a selective growth 
advantage upon cells containing the modification. When grown under low light 
illumination for 200 generations, cells containing NMA outcompete the 
unmethylated strain at a rate of 0.38 % per generation. Thus a plausible selective 
advantage for methylation can be demonstrated.
Two site-specific mutants of C-phycocyanin from Synechococcus PCC 7002 
in which p-72 NMA has been replaced with either Asp or Gin have been 
extensively characterized. The presence of NMA improves Photosystem II electron 
transfer under broadband and specific illumination conditions in whole cells. 
Replacements of NMA at p-72 of C-phycocyanin cause blue-shifts in the 
absorbance spectra and a decrease of approximately 15 % in fluorescence quantum 
yields. Fluorescence studies have revealed that NMA is associated with improved 
energy transfer efficiency in both C-phycocyanin and isolated phycobilisomes that
is accomplished by a decrease in non-radiative pathways of deexcitation other than 
resonance energy transfer. Molecular dynamics calculations are consistent and 
suggest that NMA alters hydrogen bonding networks and chromophore geometry.
The effects of NMA replacement on C-phycocyanin stability have been 
measured by urea and thermal denaturation. While p-72 substitution does not affect 
overall free energies of folding, the replacements seem to alter the denatured state of 
the protein and quaternary structure dissociation.
Chapter 1 
Introduction
I. Post-Translational Protein Modifications
Post-translational modification of proteins is a rapid and efficient manner in 
which organisms can manipulate cellular activity. The alternative strategy is more 
energetically costly and involves de novo protein synthesis based on cellular needs 
(Paik et al., 1980). Numerous types of post-translational modifications are known 
to exist including methylation, phosphorylation, glycosylation, ADP-ribosylation 
and acetylation of proteins (reviewed by Wold, 1981; Yan et al., 1989; Paik and 
Kim, 1991). Post-translational modifications can result in stable replacement as 
catalysed by a single enzyme. Alternatively, the modification can involve the 
interplay of two enzymes of opposing function so as to allow a reversible 
modification to occur effectively providing an "on-off switch for biological 
activity. Many post-translational modifications are common while others are rare. 
Protein targets can be altered stoichiometrically or display fractional modification. 
Proteins can be converted immediately after the polypeptide chain is formed while 
others are known to be modified as a result of aging. These transformations can 
cause significant changes in hydrophobicity, molecular weight, overall charge, 
solubility and structure in many cases, and the resultant structures, in many cases, 
are believed to alter protein function (Paik and Kim, 1990). For example, 
glycosylation can inhibit degradation or vary antigenicity in proteins. Protein 
phosphorylation is known to activate enzymes such as protein kinase C, which is a 
serine/threonine kinase that is of central import in signal transduction (Gennis, 
1989). The activity of dinitrogenase-reductase from Rhodospirillwn rubrum is 
controlled by ADP-ribosylation of an arginine (Pope et al., 1986). There exist 
hundreds of examples of modifications in the literature; these modifications must
1
2presumably be important since nature has provided such an elaborate array of 
reactions. It is surprising that the importance of most modifications is generally 
unknown and a biological function has not been ascribed in most cases.
Methylation is an example of a post-translational modification that is 
ubiquitous in nature. The reaction involves abstraction of a methyl group from S- 
adenosyl methionine which replaces a hydrogen at a heteroatom of an amino acid. 
Numerous methylated proteins have been identified in both procaryotic and 
eucaryotic species that perform a broad array of functions since the archetypal 
discovery of methyllysine in a bacterial flagellar protein (Ambler and Rees, 1959). 
Several amino acids can serve as substrates including aspartic acid, glutamic acid, 
proline, histidine, lysine, asparagine, alanine and methionine. Table 1-1 lists a 
sampling of the occurence of some identified methylated amino acid derivatives 
(Paik and Kim, 1990).
Some of the well-studied methylations are those in cytochrome £ and histones. 
Cytochrome £, which is methylated at lysine 77, has been widely characterized in 
plants, fungi and animals yet its function continues to be a matter of contention.
For example, trimethyl lysine has been postulated to afford resistance to proteolytic 
attack (Palastro et al., 1976) and to be involved in lipid membrane binding (Scott 
and Mitchell, 1969). Lysine in histones is also commonly methylated but its 
function seems elusive. Some authors believe that methylation stabilizes the 
superhelical structure of histone proteins (Record et al., 1981). Finally, 8-N- 
methylglutamine is an example of glutamine methylation which has been identified 
in ribosomal protein L3 (Lhoest and Colson, 1977). This example presents one of
Table 1-1. Methylated Amino Acid Derivatives3
3
Protein Source Reference
N-monomethylalanine 
Ribosomal protein LI 1 E. coli Whittman-Liebold 
and Pannenbecker, 
1976
Myosin light chain
N-trimethylalanine 
Skeletal muscle (rabbit) Henry et al., 1982
Histone HI
NG-mo nomethylarginine 
Euglena gracilis Tuck et al., 1985
Schlerodoma antigen
NG-NG-dimethylarginine (asymmetric)
Nucleolus Lischwe et al., 19&
Myelin basic protein
NG-N'G-dimethylarginine (symmetric)
Myelin (human) Baldwin and
Carnegie, 1971
Free amino acid
5-monomethylarginine 
Root tuber Unukai et al., 1986
Phycobiliprotein
y-N-methylasparagine 
Synechococcus PCC 6301 Klotz and Glazer, 
1987
Membrane protein
D-aspartic acid /3-methyl ester 
Human erythrocytes Janson and Clarke, 
1980
Adrenocorticotropin
L-isoaspartic acid a-carboxy methyl ester
Aswad, 1984
Hemoglobin
S-methylcysteine
Rat Bailey e ta l, 1981
Ribosomal protein
8-N-methylglutamine 
E. coli Lhoest and Colson, 
1977
(table con'd)
4Protein Source Reference
Histone
3-N-methylhistidine 
Erythrocyte (avian) Gershey etal., 1969
Ferredoxin
e-N-monomethyllysine 
Sulfolobus acidocaldarius Minamieta/., 1985
Calmodulin
e-dimethyllysine 
Paramecium tetraurelia Schaefer etal., 1987
Heat shock protein
e-trimethyllysine 
Chicken fibroblast Wang et al., 1982
Cell wall 
Volcani,
e-N-trimethyl-5-hydroxy lysine
Diatom Nakajima and
1970
CheZ
N-methylmethionine 
E. coli Stock etal., 1987
Cytochrome c
S-methylmethionine 
Euglena gracilis Faroqui etal., 1985
Free amino acid
&N-methylornithine
Brain(bovine) Matsuoka et al., 1969
Pilin
N-methylphenylalanine 
Bacteroides nodosus McKern etal., 1983
Histone H2B
N-dimethylproline 
Asteria rubens (star fish) Martinage etal., 1985
aThis table lists the latest identification of a particular methylated amino acid 
as of 1990 and is an abridged version of that which is present in Paik and 
Kim, 1990.
5the few instances in which methylation can be correlated with a function. Mutants 
of L3 exhibit a cold-sensitive phenotype and diminished rate of ribosome assembly 
(Lhoest and Colson, 1981). No further results have been reported since the 1981 
publication.
Asparagine methylation is the most recently reported type of post-translational 
modification and is the topic of this dissertation. This modification was originally 
detected by Minami et al., 1985 who reported a discrepancy in the primary 
sequence of allophycocyanin when Edman degradation analysis was compared to 
mass spectrometry results. Acid hydrolysis yielded aspartate for this position while 
the PTH adduct eluted in a position distinct from PTH-Asp. Field desorption mass 
spectrometry confirmed that a modified Asp was present in the sequence, however, 
no further characterization was reported. y-lV-methylasparagine (NMA) was 
subsequently characterized by Klotz et al., 1986 and has been found in phyco­
biliproteins derived from a variety of phylogenetic origins that include procaryotic 
cyanobacteria and eucaryotic red algae (Klotz and Glazer, 1987) and cryptomonads 
(Wilbanks et al., 1989). NMA is identified in peptides/proteins by the presence of 
methylamine in acid hydrolyzates or by *H NMR analysis in which a strong methyl 
singlet is observed at 2.71 ppm (Klotz et al., 1986; Klotz et al., 1990). Based on 
this method of analysis NMA is present in the p subunit of many phycobiliproteins 
at a level of one molar equivalent per subunit, but no a subunits contain the 
modification. Sequence information indicates that in the exceptional p subunits 
which lack NMA the conserved asparagine residue at position p-72 has been 
replaced with either Gly or Pro. Asparagine methylation is clearly not essential to 
cellular function as viable methyltransferase mutants which contain unmethylated 
asparagine at p-72 have been isolated (Swanson and Glazer, 1990).
6We believe that asparagine methylation is essential because it crosses the 
procaryotic/eucaryotic boundary; its presence in eucaryotic chloroplasts is a strong 
indication of functional significance given the ancient heritage of cyanobacteria. 
Methylation is also energetically costly, the acquisition of a methyl group requires a 
minimum of 6 ATPs (Goldbeter and Koshland, 1987) so that considerable selective 
pressure must exist for retention of the p-72 asparagine. The two natural 
replacements that have been found at the p-72 site, Asn —> Gly and Asn —> Pro, 
both require two base changes in the genetic code from the Asn codon and are 
unlikely to be the result of one mutational event. It has, therefore, been postulated 
that other amino acid replacements are subject to strong selective pressure as they 
might introduce structural or functional perturbations (Klotz and Glazer, 1987).
The methyl group of NMA is derived from £-adenosylmethionine (SAM) and 
is enzymatically bonded to the p-72 asparagine by an unidentified methyl- 
transferase. Radiolabel experiments suggest that SAM is the intermediate methyl 
transfer agent as labelling of cyanobacterial cells with [l4C-methy[]methionine 
results in the labelling of NMA (Klotz and Glazer, 1987). Swanson and Glazer, 
1990 have demonstrated SAM is likely to be the methyl donor in their assay for 
protein asparagine methylase activity. The radiolabelling is stoichiometric at 
position p-72; amino acid analysis of peptide hydrolysis products indicates that 
NMA is restricted to the p-72 position. Not all protein modifications are 
stoichiometric, however, which contrasts with aspartate and glutamate methyl ester 
formation in proteins that represents a small population of the total protein, approx. 
1-5 % (Clarke, 1985).
7II. Light Harvesting/Light Reactions of Photosynthesis
Cyanobacteria are a primeval group of photosynthetic organisms and are 
credited with the introduction of oxygen-evolving photosynthesis in the 
evolutionary process (Schopf, 1978). All photosynthetic organisms utilize some 
sort of light-harvesting apparatus to maximize efficient energy collection so that the 
light reactions of photosynthesis can be accomplished. Higher plants typically 
utilize both chlorophyll and carotenoid pigments that are noncovalentlv bound to 
proteins. Cyanobacteria, red algae and several other taxonomic groups utilize linear 
tetrapyrrole bilin chromophores that are covalently bound to protein as one of their 
light-harvesting antenna. These proteins with covalently bound prosthetic groups 
are known as phycobiliproteins which are found at high abundance in the cell and 
are known to account for up to 50 % of the total photosynthetic capacity in cyano­
bacteria (Glazer, 1983).
Solar energy that is trapped by photosynthesis provides greater than 99% of all 
the free energy consumed by biological systems. Photosynthesis is a process by 
which carbon dioxide is converted to carbohydrate in the presence of light as 
illustrated by the following equation:
H2O + CO2 —> CH2O + O2 
Photosynthesis is typically divided into two phases, the light reactions which 
involve the input of light energy to generate ATP and reducing power, and the dark 
reactions in which CO2 is converted into carbohydrate in the presence of ATP and 
NADPH. The light reactions typically occur in the lipid bilayer of the thylakoid 
membrane in which a series of redox-active pigments are arranged in a highly 
specific fashion. Figure 1-1 shows a schematic diagram of the pathway of electron 
flow in the light reactions. The electrons which ultimately reduce NADP+ are
8Figure 1-1. Schematic diagram of the pathway of electron transfer in the light 
reactions of photosynthesis. The overall reaction, which is endergonic, is made 
possible by the absorption of photons by both P680 (PS II) and P700 (PS I). 
Electrons that originate from water are vectorially transferred through both the 
manganese stabilizing complex and a tyrosine radical, known as Z, prior to 
transfer to P680. After absorption of a photon the electrons are transferred to 
plastoquinone (PQ) to produce fully reduced plastoquinone (PQH2) in two one- 
electron steps. Reduced PQH2  transfers its electrons to the cytochrome b^f 
complex which then reduces the mobile electron carrier, plastocyanin (PC). PC 
carries its electrons to P700 (PS I) which generates reduced ferredoxin (Fd). 
Finally, NADPH is produced after Fd transfers its electrons to Fd-NADP 
reductase. (Adapted from Stryer, 1988).
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originally derived from water; the byproduct of this initial reaction is oxygen. The 
electrons are transferred vectorially by a number of redox systems which is made 
possible by the absorption of light energy in the form of photons. The electron 
donor/acceptor pairs are arranged to transfer electrons from one membrane face to 
another. This vectorial pump provides a chemical potential across the thylakoid 
membrane which allows ATP formation. Beginning at water, the electrons are first 
transferred to Photosystem II which is a transmembrane assembly of greater than 
10 polypeptides and pigments that catalyze the light-driven transfer of electrons 
from water to plastoquinone. The electrons first traverse through P680 which 
reduces the next redox couple following light absorption (excitation). Electrons are 
sequentially transferred on a picosecond time scale to a pheophytin molecule, which 
is a chlorophyll molecule lacking magnesium, and then to plastoquinone, 
cytochrome complex and finally, to plastocyanin. Plastocyanin is a mobile 
electron carrier that donates its electrons to Photosystem I, a transmembrane 
complex of approximately 13 polypeptides. After absorption of a second photon 
by P700 chlorophyll in Photosystem I the electron is transferred through a series of 
Fe-S-containing proteins to ferredoxin, and ferredoxin-NADP reductase which 
reduces NADP+. Photosynthesis is obviously a critical mechanism by which life is 
maintained and species have optimized this process to maximize ATP and NADPH 
production.
A universal feature of the photosynthetic apparatus in procaryotic 
cyanobacteria and in eucaryotic species that include higher plants is the presence of 
a large number of light harvesting "antenna" molecules that absorb light energy 
with subsequent transfer to Photosystem II and I. This enhancement of light 
absorbing capacity is advantageous for the cells because it ensures that the dark
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reactions of photosynthesis are not severely limited by the prevailing light quality or 
intensities (Glazer, 1985). Photosystem II is generally associated with several 
hundred light-harvesting antenna molecules in the form of phycobilisomes. These 
large antennae are necessary to ensure that light-harvesting is not the rate-limiting 
process. It has been calculated that photosynthesis would be light-limited under 
high light flux conditions unless at least 34 accessory pigment molecules were 
present per reaction center (Glazer, 1989).
III. Light Harvesting Antennae of Cyanobacteria
Phycobiliproteins are a homologous family of proteins that are likely to be 
derived from a single ancestral gene by gene duplication (Zuber, 1981; Glazer, 
1984). The individual proteins are composed of monomeric structural units, a  and 
P, that represent two dissimilar polypeptide chains of ~ 160-180 amino acids (17-18 
kDa). The primary structures of many phycobiliproteins have been determined by 
either amino acid sequence analysis (summarized in Zuber, 1981) or inferred from 
DNA sequence analysis (deLorimier and Bryant, 1984; Bryant et al., 1985). The 
x-ray crystal structures of several phycobiliproteins have been solved and are 
reported at varying levels of resolution, the most highly refined to date is the 
structure of C-PC from Fremyella diplosiphon at a resolution of 1.66 A (Schirmer 
et al., 1985; Schirmer et al., 1986; Schirmer et al., 1987; Duerring et al., 1988; 
Duerring et al., 1990; Duerring et al., 1991; Ficner et al., 1992). Both a and p 
helical subunits resemble the globin fold in tertiary structure despite the fact that
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they are only 27 % homologous (Schirmer et al., 1985; Pastore and Lesk, 1990). 
Phycobiliproteins can be isolated in a variety of aggregation states of [otp] units that 
include dimers, trimers, tetramers and hexamers depending on the source of the 
protein, buffer conditions and protein concentration (Glazer, 1984).
Phycobiliproteins harvest visible light in the wavelength range of 500-700 nm 
that would otherwise be unavailable if chlorophyll were solely accomplishing all 
light-harvesting functions. The visible absorption spectra of phycobiliproteins are 
due to covalently attached open chain tetrapyrrole prosthetic groups. Figure 1-2 
shows the structures of four bilins that are known to act as prosthetic groups in 
phycobiliproteins. These compounds are linked via a thioether linkage at the A ring 
or both the A and D rings (Klotz and Glazer,1985; Lagarias et al., 1988) and are 
isomers that differ only in the arrangement of the double bonds. The absorbance 
maximum varies from 495 nm for phycourobilin to 620 nm for phycocyanobilin in 
the visible region of the absorbance spectrum, thus giving rise to magnificent blue 
and red colors for the isolated biliproteins. These prosthetic groups are closely 
related to biliverdin IXa which is a biosynthetic precursor. In vivo studies in the 
unicellular rhodophyte, Cyanidium caldarium, have revealed a partial biosynthetic 
pathway for several phycobilins (Beale and Cornejo, 1983; Beale and Cornejo, 
1991a; Beale and Cornejo, 1991b).
Free bilins prefer a macrocyclical helical geometry in solution and show 
weak absorbance in the visible wavelength range and low fluorescence emission 
quantum yields (Huber et al., 1989). When present as a prosthetic group in a light- 
harvesting antenna, bilins have strong visible absorption and demonstrate 
fluorescence quantum yields that range from 0.5-0.98 (Huber, 1989; Dale and 
Teale, 1970). This effect is known as the auxochromic shift and is attributed to the
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Figure 1-2. Common bilin-peptide linkages in phycobiliproteins. See text for 
references. (Adapted from Glazer, 1989).
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strained conformation of the chromophore which is induced by the local protein 
environment that acts as a scaffold. Thus, the conformation of the bilin is 
determined by the native protein (Glazer, 1989). Both the visible absorption peak 
and high fluorescence quantum yield substantially decrease upon protein dena- 
turation in which the preferred bilin conformation is cyclohelical. In fact, free bile 
pigments show fluorescence quantum yields of 10*3 -10"5 at room temperature, 
indicating that excitation energy is rapidly lost by radiationless relaxation pathways 
(Glazer, 1985). Several processes can lead to efficient non-radiative relaxation and 
include excited state proton transfer reactions; twisting about double bonds in the 
ground state; intersystem crossing and photoisomerization (Glazer, 1984). The 
significance of each of these de-excitation pathways is dependent on the structure 
and environment of the bilin. Conformational flexibility seems to provide the most 
efficient avenue for nonradiative decay. For example, isophorcarubin dimethyl 
ester which is constrained in an extended linear conformation shows an increase in 
fluorescence quantum yield of 0.04 to 0.81 upon a temperature decrease from 298 
K to 77 K (Kufer et al., 1983). Bilirubin that is bound to a high affinity binding 
site on bovine serum albumin displays a fluorescence quantum yield of less than
0.008 at 22 °C. However, the yield at 77K increases to 0.5 (Greene et al., 1981). 
Finally, spectroscopic studies on biliverdin IXa dimethyl ester indicate that it exists 
in multiple conformations that are not in equilibrium with each other at room 
temperature (Holzwarth et al., 1983). Conformational interconversion requires 
heating or sonication. These conformers exhibited large differences in spectro­
scopic properties such as excitation spectra and excited state lifetimes.
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Phycobiliproteins function as light-harvesting antenna when organized into a 
macromolecular pigment-protein complex, known as a phycobilisome, that contains 
300-800 bilin chromophores. Phycobilisomes electrostatically interact with the 
thylakoid membrane in the vicinity of Photosystem II and are typically arranged in 
arrays on the cytoplasmic face. Figure 1-3 shows a model of the thylakoid 
membrane with the "fan-shaped" phycobilisomes in contact with Photosystem II. 
Phycobilisome appearance depends on the organismal source; they might be 
ellipsoidal, bundle-shaped or hemidiscoidal. The complexes range in size from 7 x 
106  to -15 x 106  Da (Glazer, 1989). Figure 1-4 shows a diagram of the hemi­
discoidal variety of phycobilisome from Synechocystis PCC 6701. The phyco­
bilisome consists of two morphologically distinct units: 6  rods that emanate from a 
triangular core made of 3 cylindrical core elements. The dimensions of the core 
elements are 155 x 30 A while that of a single disc are -  60 x 1 2 0  A. The core 
consists of the protein, allophycocyanin, while the rods always contain C- 
phycocyanin and might contain phycoerythrin or phycoerythrocyanin depending on 
the organism. The assembly of phycobiliproteins into these magnificent complexes 
is mediated by a group of polypeptides that range in molecular weight from 9-97 
kDa and are known as linker polypeptides. Linker polypeptides are responsible for 
determination of the biliprotein aggregation state and its position in the rod or core. 
The linkers form various linker polypeptide:biliprotein complexes which occupy a 
specific location in the phycobilisome. The order of phycobiliproteins in the 
phycobilisome beginning from the distal ends of the rods as shown in Figure 1-4 
are phycoerythrin, phycocyanin and allophycocyanin. This arrangement 
corresponds to the flow of excitation energy from higher to lower energy.
PS n p s  i
X ) Phycobilisom e allophycocyanin
COD phycocyanin
Figure 1-3. Model of the thylakoid membrane of the cyanelle, Cyanophora paradoxa. 
Fan-shaped phycobilisomes are aligned in rows on the cytoplasmic face of the 
thylakoid membrane in contact with PS II reaction center. (Adapted from Glazer, 
1984).
I
CORE ROD
Figure 1-4. Schematic diagram of Synechocystis PCC 6701 phycobilisome. Shaded 
components are the rods which consist of PE, phycoerythrin and PC, phycocyanin. 
Core is shown as three circles and contains APC, allophycocyanin.
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IV. NMA and its Relationship to C-Phycocyanin
As mentioned earlier, several x-ray crystal structures of phycobiliproteins 
have been solved which provide insight into the structure and function of these 
light-harvesting proteins. The solved structures include C-phycocyanin from 
various strains, B-phycoerythrin and phycoerythrocyanin. All tertiary structures of 
the different proteins are similar to each other. The p-72 position in C-PC from 
both Mastigocladus laminosus and Agmenellum quadruplicatum was originally 
reported as serine and asparagine, respectively (Schirmer et al., 1985; Schirmer et 
al., 1987). The original crystal structures were reevaluated by Duerring et al.,
1988 to accomodate NMA which fit well into the p-72 position without any 
significant changes in the R factor (goodness-of-fit parameter). The temperature 
factor of the NMA side chain is 33 A2 compared to a p subunit side chain average 
of 20 A2 (recalculated from crystal structure data). Therefore, NMA displays 
slightly more flexibility on average than the typical residue, which is not surprising 
considering its position in C-PC. Figure 1-5 shows the p subunit of C-PC from 
Mastigocladus laminosus. The a and p chains contain 65 and 62 % a helix, 
respectively (Schirmer et al., 1985). The p subunit contains two covalently bound 
chromophores at p-84 and p-155 cysteines, and the a subunit contains a single 
chromophore bonded to the a-84 cysteine. All three chromophores exhibit similar 
geometries in their binding cleft with ring D displaying the most variation in terms 
of methine bridge dihedral angles. All chromophores appear to interact with the 
local protein environment in a similar manner. For example, the pyrrole nitrogens 
of rings B and C of all chromophores interact with aspartate residues (a subunit- 
Asp 87, p subunit-Asp 87, Asp 39) by hydrogen bonding interactions with the Asp
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Figure 1-5. C-Phycocyanin p subunit from Mastigocladus laminosus. The protein 
main chain is shown in cyan, the chromophores and NMA are represented by ball- 
and-stick models and are shown in yellow and red, respectively.
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carboxyl group (Glazer, 1989). NMA is located in a relatively undefined turn 
between helices B and E as shown in Figure 1-5 and has relatively high solvent 
accessibility. The crystal structure indicates that the NMA methyl group is within 
1.9 A of the p-84 chromophore (NMA IV-CH3 — > bilin 8 -CH2CH2COOH) and it 
has been proposed that the p-72 carboxamide group of NMA shields ring B from 
solvent (Duerring et al., 1988). Figure 1-6 shows NMA and the p-84 chromophore 
as present in the crystal structure of C-PC. It is essential to mention that these 
crystal structures were determined on purified phycobiliproteins which are devoid 
of their linker polypeptides that are known to interact with the p-84 chromophore in 
the native state. Linker polypeptides are responsible for the aggregation state of the 
phycobiliproteins and direct their subsequent assembly into the functional 
phycobilisome.
Formation of the [ap] monomer involves extensive hydrophobic interactions 
between a helices X and Y of each subunit forming a protruding antiparallel X-Y 
pair. Three [txp] monomers form a ring-shaped trimer that is in the shape of a 
hollow disk, in which contact interactions are both hydrophobic and polar. 
Intertrimer contacts are exclusively charged or polar interactions which are mediated 
by the a subunit. This probably accounts for hexamer dissociation into trimers 
when in solution. The resulting trimer or hexamer resembles a doughnut hole with 
the p-84 chromophores which are in close proximity to NMA protruding into the 
central channel. Any structural interpretations should be offered with the 
knowledge of the absence of a substantial contributor in phycobilisome assembly 
and structure, the linker polypeptides.
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Figure 1-6. NMA and the p-84 chromophore structure from C-phycocyanin 
(Mastigocladus laminosus).
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In a Synechococcus PCC 6301 phycobilisome there are 18 bilins in each of the 
C-PC hexamers. How then is sunlight energy absorbed and transferred to 
Photosystem II with such a high quantum yield of greater than 95%? There exist 
two different types of chromophores in phycobiliproteins, s (sensitizing) and/  
(fluorescing), that possess unique spectroscopic properties due to the local protein 
environment despite the fact that they are the same chemical species (Teale and 
Dale, 1970). The s chromophore absorbs at the blue edge of the phycobiliprotein 
absorption band and transfers its excitation energy with high efficiency to the / 
chromophore (Zickenstradt-Wendelstradt etal., 1980). Evidence for the highly 
efficient transfer is confirmed by the close overlap of the absorption and 
fluorescence emission spectra of C-PC. Hefferle et al., 1983 have shown by 
anisotropy that depolarization occurs during s to/transfer which is further evidence 
that energy transfer occurs between the two chromophore types. Transfer is then 
thought to occur among the/chromophores; direct excitation of the/chromophore 
at the red edge of the spectrum causes little depolarization suggesting that the 
excitation energy is funneled among a stack of similarly oriented/chromophores 
(Gillbro et al., 1985). The assignment of chromophores to s and/w as made by 
Mimuro et al., 1986 in C-PC from Mastigocladus laminosus. Various aggregation 
states of C-PC ranging from subunits to trimers were spectroscopically examined 
by absorbance, CD and fluorescence. The authors conclude that a-84 and (3-155 
are both of the 5 type and (3-84 is the red-shifted/chromophore from these 
measurements and spectral simulations. Schirmer and Vincent, 1987 have 
confirmed these assignments by linear dichroism and fluorescence polarization in 
C-PC.
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Phycobiliproteins have been extensively characterized by time-resolved 
fluorescence methods. The isolated proteins typically display decay kinetics that 
are either single or double exponential in character with reported lifetimes in the 
range of 1.5-2.7 nsec for the longest lifetime (Switalski and Sauer, 1984; 
Holzwarth et al., 1982). Values of the short lifetime are inconsistent and vary in 
the psec time range. Switalski and Sauer, 1984 have measured the time-resolved 
kinetics of [ap] monomers as well as the isolated a  and p subunits of C-PC. Both 
the monomers and subunits displayed double exponential decays even though the 
isolated a subunit contains a single chromophore, suggesting that the a 
chromophore might exist in various conformations. The relative arrangements of 
the chromophores in C-PC have been calculated by Schirmer et al., 1987 which 
suggest that the hexamer is the basic functional unit whose chromophores are most 
strongly coupled. In the hexamer excitation energy is quickly transferred to the p- 
84 chromophore with subsequent energy transfer along a rod of hexamers occuring 
along a one-dimensional array of p-84 chromophores (Mimuro et al., 1986).
The energy transfer characteristics of C-PC have been simulated using Forster 
transfer theory and the x-ray crystal structure coordinates from C-PC isolated from 
Agmenellum quadruplicatum by Sauer et al., 1987. Their studies in which the 
chromophores were treated as isolated dipoles found that Forster theory adequately 
accounts for excitation transfer in C-PC. The dominant energy transfer pathway in 
the [ap] monomer is from p-155 —> p-84. The next largest process was identified 
as the back transfer between p-155 and p-84. This back transfer has comparable 
rates to that of the forward reaction in the trimeric state as well. These calculations 
validate the idea of the p-84 chromophore acting as a central cluster which accepts 
excitation energy from both p-155 and a-84. However, these calculations differ
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from experimental data in that the a-84 transfer characteristics play a more 
significant role in energy transfer. There appears to be efficient exchange of 
excitation energy among a-84 chromophores of adjacent subunits in the trimeric 
and hexameric state that effectively contributes to directional energy transfer. It 
should be noted that these calculations involved a myriad of assumptions; these 
results should be considered in the framework of existing experimental data. 
Experimental studies confirm the conclusions of Sauer et al., 1987; a Forster radius 
of 50 A between bilins in phycoerythrin has been calculated by Grabowski and 
Gantt (1978).
It is obvious that phycobiliproteins are optimized by Mother Nature to 
efficiently transfer excitation energy. This efficiency approaches > 95 % in the 
intact phycobilisome in which 300-800 chromophores are coordinated to 
directionally carry the energy to Photosystem n. This transfer is a consequence of 
the spatial arrangement of the phycobiliproteins which possess differing absorption 
properties due to their bilin prosthetic groups. Figure 1-7 shows the absorption 
spectra of the individual phycobiliproteins contained in P. cruentum 
phycobilisomes. There is extensive overlap of the biliprotein spectra with nice 
complementation to the chlorophyll spectrum. Time-resolved studies of intact cells 
of P. cruentum confirmed the pathway of energy flow which proceeds from PE —> 
PC — > APC —> chi a (Yamazaki et al., 1984). In this path light energy is 
transferred from the distal ends of the phycobilisome rods to the core in 50-100 
psec (Glazer, 1985). The rate-limiting transfer step is disk-to-disk transfer which 
is 20 psec. This conclusion is based on the data of Glazer et al., 1985 who 
demonstrated that the addition of an average of 1 .6  phycoerythrin disks to the 
phycobilisome rod increased the transit time by 30 ± 5 psec.
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Figure 1-7. Absorption spectra of the chromatic complement contained in P. cruentum. 
Absorbance spectra were obtained in the wavelength range of 800-300 nm for each of 
the following pigments: chlorophyll a, B-phycoerythrin, R-phycocyanin and 
allophycocyanin.
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The kinetics of energy transfer have been extensively studied in 
phycobilisomes mainly by examining rise and decay times as a function of 
excitation or emission wavelength. The obtained fluorescence lifetimes vary widely 
and the interpretations are often based on dubious assumptions. Despite this fact 
fluorescence decay kinetics of phycobilisomes are typically characterized by a triple 
exponential decay. The longest lifetime is typically attributed to fluorescence from 
the terminal emitter of the phycobilisome. This observation is based on the relative 
contribution of t i  across the emission band. The two faster components are more 
difficult to assign, their identity continues to be a matter of contention (Suter et al., 
1984; Wendler et al., 1984). This difficulty arises due to the complex transfer 
processes that occur in the phycobilisome. For example, Synechococcus PCC 
6301 phycobilisome rods contain three different C-PC-linker polypeptide 
complexes that differ in their spectroscopic properties and distance from the 
terminal acceptor in the core. Thus the energy transfer pathway in the 6301 rod 
consists of at least five consecutive transfer steps that include transfer among the 
three C-PC aggregates, followed by transfer to APC in the core, and finally to the 
terminal acceptor, APC-B (Glazer, 1985). The possibility of rod length 
heterogeneity in phycobilisomes is yet more evidence of complexity. Based on 
these facts, the transfer from one type of chromophore to another is unlikely to be 
governed by a single rate constant. The observed lifetimes are likely to be 
conglomerations of many different transfer processes. Furthermore, it is unlikely 
that rate constants can be identified as the extensive overlap between absorbance 
and emission spectra preclude selective excitation of any one phycobiliprotein with 
the exception of phycoerythrin.
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V. Scope of Thesis Research
The goal of this research project is to elucidate the functional significance of a 
stable post-translational modification, p-72 asparagine methylation in C-PC. Side 
chain amide methylation is a recently recognized type of post-translational 
modification. Glutamine methylation has been found to exist in E. coli ribosomal 
protein L3, but as with many other modifications, its functional implications are a 
matter of contention. This thesis is based on the premise that NMA serves an 
important function in phycobiliproteins; otherwise, it would not be evolutionarily 
conserved at the p-72 position because of the large energy expense required for 
modification. In addition, NMA is located in close proximity to the p-84/ 
chromophore, which has been implicated as the essential chromophore that confers 
directional transfer in the phycobilisomes. The system used for these studies is the 
light-harvesting antenna of cyanobacteria. Phycobiliproteins happen to be a 
superior system in which to study NMA structure/function relationships. Up to 
2 0 % of the cellular protein in cyanobacteria can be composed of phycobiliproteins, 
therefore, copious amounts of the proteins can be isolated. It is not unusual to 
obtain 0.5 gram pure phycobiliprotein from approx. 40-50 L of cell culture. The 
proteins are highly water soluble, are purified at room temperature and are 
brilliantly colored. Cyanobacteria are considered to be a preferred model system 
for molecular genetics and the analysis of structure and function in oxygenic 
photosynthesis.
This thesis project will address the following questions:
* Can NMA and other methylated amino acids or peptides be reproducibly 
detected? What effects do the modifications have on elution properties in common 
amino acid/protein analysis methods?
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* Does asparagine methylation affect cellular photosynthetic capabilities by 
altering the light-harvesting capabilities? Does the methylation confer a growth 
advantage in an evolutionary sense?
* Does NMA optimize the spectroscopic properties of the p-84 chromophore 
due to its close proximity?
* Does NMA play a role in C-PC stability?
Examination of photosynthetic capabilities and growth rates was accomplished 
by the use of methyltransferase mutants which were generated by chemical 
mutagenesis (Swanson and Glazer, 1990). Due to the mutational method it is 
plausible that additional genetic lesions could exist other than the desired absence of 
the p-72 asparagine methyltransferase. I proceeded with caution in these 
experiments; all of the possible controls were done to assure that any observed 
differences were attributed to asparagine methylation. The possible effects of 
asparagine methylation on the energy transfer properties in C-PC and 
phycobilisomes were indirectly addressed through the use of two site-directed 
mutants. I believe it is more profitable to commence a detailed spectroscopic 
characterization in a system that has a negligible chance for confounding factors 
such as uncharacterized genetic lesions. The results obtained from the site-directed 
mutants should be interpreted with caution as we cannot distinguish whether an 
observed experimental effect is attributed to asparagine methylation or to the 
introduction of a new amino acid with different chemical properties. With all of 
these caveats we have obtained results suggesting that NMA does indeed have a 
significant effect on light-harvesting capacity in cyanobacteria. These data 
represent the sole existing characterization of the effects of site-specific mutations
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on energy transfer properties. Furthermore, this research represents the first 
instance in which a function is attributed to a stable post-translational modification 
and is the sole characterization of the effects of site-specific mutations in the bilin 
binding pocket
The organization of this dissertation is as follows: Chapter 2 details the 
synthesis and characterization of two methylated amino acids, NMA and NMG, 
and their respective methyl esters by various chromatographic and spectroscopic 
techniques. In addition, behavior of NMA-containing peptides was characterized 
under conditions employed for sequence analysis in a gas-liquid phase sequencer. 
Chapter 3 discusses the characterization of two methyltransferase mutants in terms 
of their photosynthetic capabilities by steady-state oxygen evolution methods. The 
possibility of a competitive growth advantage conferred by asparagine methylation 
is also examined by radiolabel techniques and amino acid analysis. Chapter 4 
examines the possible effects of p-72 site-specific mutation on C-PC stability. 
Chapter 5 details the extensive characterization of two p-72 site directed mutants of 
C-PC by steady-state oxygen evolution, several spectroscopic techniques and 
molecular dynamics calculations. The possibility of glutamine methylation was 
examined by radiolabel analysis. Chapter 6  synthesizes the conclusions obtained 
from this work and poses additional questions that should be addressed as a result 
of this project. Chapter 7 (Appendix A) includes heteronuclear high-field NMR 
studies on 13C-CPC which represents the first known instance of the character­
ization of a protein as large as 70 kDa by NMR. Appendix B contains relevant 
heteronuclear NMR pulse routines. Finally, Appendix C includes a compendium 
of CHARMM computer files.
Chapter 2
Detection of Methylated Asparagine and Glutamine 
Residues in Polypeptides
I. Introduction
This study was prompted by the recent discovery that a y-lV-methylasparaginyl 
residue occupies position p-72 (C-phycocyanin sequence numbering) in each of the 
major phycobiliproteins (Klotz et al., 1986; Klotz and Glazer, 1987). The presence 
of this residue went unnoticed in numerous sequence determinations on phyco­
biliproteins (reviewed in Zuber et al., 1985; Glazer, 1984) until 1985 when Minami 
et al., 1985 noted a discrepancy between the amino acid composition and sequence 
of an allophycocyanin peptide. This observation indicated the presence of an 
unidentified aspartyl derivative in the p subunit of Anabaena cylindrica allo­
phycocyanin. Subsequent work established the structure of this derivative as the 
N-methyl amide form (Klotz et al., 1986).
Protein sequence determination is increasingly based upon the use of 
automated versions of Edman chemistry. Assignment of amino acid sequence then 
relies solely on the identification of the phenylthiohydantoin(PTH)-amino acid 
derivatives. Earlier failures to detect y-iV-methylasparagine residues were largely 
due to the coelution of the PTH-y-lV-methylasparagine and PTH-serine under the 
conditions of high performance liquid chromatography generally used for 
separations of PTH-amino acids. Dependence on a single criterion of 
identification, while necessary for some samples when the available quantity is 
limited, inevitably results in this type of oversight when unusual residues coelute 
with standard derivatives.
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In this chapter I present results of sequence studies on an y-A -^methyl- 
asparagine-containing peptide and examine the behavior of y-lV-methylasparagine, 
S-iV-methylglutamine, and the co-methyl esters of glutamate and aspartate under the 
conditions employed for sequence analysis in the gas-liquid phase sequencer.
II. M aterials and Methods
A. Chemicals. Aspartate, asparagine, glutamate, glutamine, pyroglutamate, 
serine, and threonine were obtained from Sigma Chemical Co. Deuterium oxide, 
HC1 gas, methylamine (free base and hydrochloride salt), and norleucine were 
purchased from Aldrich Chemical Co. Sequencing reagents including phenyl 
isothiocyanate, benzene, triethylamine, trifluoroacetic acid, and pyridine were 
sequanal-grade obtained from Pierce Chemical Co. Anhydrous methanol was 
freshly distilled. Sequencer reagents were purchased from Applied Biosystems, 
Inc.; other solvents were HPLC-grade.
B. Sequencing of Peptides containing y-N -M ethylasparagine. 
Porphyridium cruentum B-phycoerythrin nonapeptide 0(66-74) was prepared by 
Professor Klotz as described in Lundell et al., 1984. The P. cruentum peptide was 
sequenced using an Applied Biosystems Model 470A sequencer and the standard 
program where the coupling and cleavage cycles are performed at 48 °C. Briefly, 
in the standard program the sample on the filter is exposed to 5 % PITC in n- 
heptane for 2 sec, dried with argon for 40 sec, and then treated with trimethylamine 
vapor (present in equilibrium with a solution of 12.5 % trimethylamine in water) 
for 400 sec; this procedure is repeated three times. Conversion of the anilinothiazo- 
linone to the phenylthiohydantoin is achieved by treatment with 25 % aqueous 
trifluoroacetic acid for 20 min at 64 °C (complete details may be found in Users
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Manual). PTH-amino acid derivatives were quantitated from filtered data sets 
(Users Manual, PTH Analyzers Manual). PTH-y-NMA was quantitated assuming 
the response factor for PTH-Asn.
C. Preparation of O- and N-Methyl Amino Acid Derivatives. The 
ra-methyl esters of aspartate and glutamate were prepared by suspending 1 gram of 
free amino acid in 20 ml anhydrous methanol. HC1 gas was bubbled into the 
solution to achieve a concentration of 1-3 M for the aspartyl methyl ester 
preparation and 1.5 equivalents HC1 gas was added for the glutamyl methyl ester 
preparation (Coleman, 1951). After dissolution was complete the reaction was 
allowed to proceed for approximately 1 hour at room temperature. The crude 
products were then qualitatively analyzed by thin layer chromatography using 
cellulose plates (EM Laboratories), a solvent system (v/v) of ethanolracetic 
acid:water, 8:1:1, and visualization with ninhydrin spray. The crude reaction 
mixture was evaporated to dryness under reduced pressure and the methyl esters 
were recrystallized from ethanol by the dropwise addition of diethylether to 
approximately 2 0  % (v/v).
Y-A/-Methylasparagine was synthesized by reaction of the aspartate methyl 
ester in 10 ml anhydrous methanol with 3 molar equivalents of methylamine-HCl 
and 10 molar equivalents of anhydrous triethylamine at 65 °C for 48 hours in a 
sealed container. 8-iV-Methyl glutamine was synthesized by reaction of 2 g 
pyroglutamate with 8.4 ml methylamine (free base) at 65 °C for 96 hours in a 
sealed container (Lichenstein, 1942). The crude products in each case were 
evaporated under reduced pressure to a small volume and chromatographed on a 10  
ml column of Dowex 50W-X4 (Kung and Wagner, 1969). The column was 
developed as follows: 10 ml of 10 mM HC1; 20 ml of H20; 20 ml of 1 M
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ammonium acetate; 10 ml of 1 M ammonium hydroxide and 10 ml of 0.1 N sodium 
hydroxide. The chromatographic fractions were then analyzed by thin layer 
chromatography and ion exchange chromatography (amino acid analysis) for the 
presence of the iV-methylated derivatives which characteristically eluted in the first 
ammonium acetate fraction off the Dowex column. The /'/-methyl derivatives were 
recrystallized from 80 % aqueous ethanol (aspartate derivative) or 90 % aqueous 
ethanol (glutamate derivative) by the dropwise addition of water.
D. Acid Hydrolysis. 6  nmol of each methylated amino acid along with an 
equal amount of norleucine (used as an internal standard) were dissolved in 0.5 ml 
6  N HC1, sealed in vacuo, and hydrolyzed for 22-24 hours at 110-115 °C. The 
samples were evaporated to dryness under reduced pressure and subjected to amino 
acid analysis by the procedure described below.
E. Amino Acid Analysis. Amino acid analysis by ion exchange 
chromatography employed a 3 mm x 250 mm, 10 mm cation exchange column 
(Pickering Laboratories) operated at 45 0  or 65 °C. An eluent system of sodium 
buffers was applied in steps of pH 3.28, 4.25, and 7.4 at a flow rate of 0.25 
ml/minute. The amino acids were reacted with o-phthalaldehyde, a fluorescent 
derivative that reacts with primary and secondary amines, prior to observation by 
an Isco FL-2 fluorescence detector equipped with a 305-395 nm colored glass 
excitation filter and a 430-470 nm wide-band interference emission filter.
F. Preparation of PTH Derivatives. Manual preparation of PTH- 
derivatives was performed by reacting 2 0  nmol of the amino acid in 1 0 0  ml of 
water:acetonitrile:pyridine:triethylamine:PITC in a ratio of 35:30:25:10:5 by volume 
(Mora et al., 1988) for 20 minutes at 55 °C under N2 . Excess phenyl isothio-
cyanate was then extracted with 2 0 0  ml benzene and the remaining phenylthio-
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carbamyl (PTC) residue in the aqueous phase was evaporated to dryness. These 
phenyl thiocarbamyl-derivatives were then converted to PTH-derivatives by 
incubating in 50 ml of 50 % aqueous trifluoroacetic acid at 55 °C for 45 minutes 
under N2 . The residues were then evaporated to dryness and subsequently 
dissolved in 20 % acetonitrile (aqueous) in preparation for reverse phase HPLC 
analysis (User Bulletin PTH Analysis) using a Waters C18 3.9 x 150 mm Novapak 
column. PTH-amino acids were separated by a series of binary gradients blending 
solvent A (14 mM sodium acetate, pH 4.0, containing 5 % (v/v) tetrahydrofuran in 
water) with solvent B (pure acetonitrile). PTH-y-NMA and PTH-8-NMG were 
quantitated using the response factors for PTH-Asn and PTH-Gln, respectively.
G. NMR Analysis. Approximately 1.1 mg of y-A-methylasparagine and 
1.5 mg of 6 -lV-methylglutamine were dissolved in 400 ml 99.8 % D2 O. The NMR
spectra were obtained with a 400 MHz Bruker spectrophotometer. The chemical 
shifts were expressed relative to a sodium 3 -trimethylsilylpropionate-2 ,2 ,3 ,3 -d4  
internal standard.
H. Mass Spectrometry. Approximately 5 mg of HPLC-purified PTH-y- 
iV-methylasparagine in 5 ml of water was dissolved in an equal volume of glycerol, 
applied to a copper tip probe, and analyzed by fast atom bombardment. 
Measurements were carried out on a Finnigan TSQ-70 mass spectrometer using 
xenon and a Son Tech Saddle-Field FAB gun at 6 - 8  keV. Collision-activated 
dissociation studies were performed with -30 eV of collision energy and 0.8 mTorr 
of argon. Five spectra taken as 3 second scans from m/z 50-300 were averaged.
37
III. Results and Discussion
The amino acid methyl esters and N-methyl derivatives were characterized by 
several methods. The melting points of the synthesized compounds are nearly 
identical to the the literature melting points (Table 2-1), however, the yields were 
variable and in the case of 6-iV-methylglutamine, very poor. TLC analysis revealed 
an order of elution as follows: Asn, Asp, y-NMA, Gin, Glu, AspOCH3 , S-NMG, 
GIUOCH3 (Table 2-2). Amino acid analysis was done on the methylated deriva­
tives in order to determine their retention times relative to several standards. The 
order of elution was as follows: Asp, Thr, y-NMA, Ser, 5-NMG, Gin, Asn, 
AspOCH3, Glu, and GIUOCH3 (Table 2-2). Chromatographic analysis of unhy­
drolyzed samples demonstrated that the AspOCH3 and y-NMA preparations were 
free (>98%) of aspartate and glutamate contamination while the GIUOCH3 and 8- 
NMG preparations contained a ~5 % and ~ 6  % contaminants of glutamate, respec­
tively. The later contamination levels were taken into account in determining the 
hydrolysis (Table 2-3) and PTH-derivatization (Table 2-4) yields. ^-N M R  
spectra were obtained for synthetic y-A-methylasparagine and 5-N-methyl- 
glutamine; the assignments are listed in Table 2-5, the spectra are shown in Figure 
2-1. The most striking feature of these spectra is the presence of a strong singlet at 
2.73-2.74 ppm which corresponds to the amide methyl hydrogens. This is 
consonant with the 5 2.71 ppm assigned to y-iV-methylasparagine in a peptide 
(Klotz e ta l,  1987).
Quantitative acid hydrolysis was conducted on y-iV-methylasparagine and B-N- 
methylglutamine; the data are summarized in Table 2-3. It was expected that acid 
hydrolysis would yield 1 equivalent of methylamine per equivalent of free acid. 
Analysis showed that 0.95 equivalents of methylamine were liberated per aspartate
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Table 2-1. Melting Points and Yields of Aspartate 
and Glutamate Methyl Derivatives
Amino Acid
Melting point 
Observed Literature'2 Synthetic Yield (%)
AspOCH3 191-1920 190° 72
GluOCH3 1540 1540 8 6
y-NMA 2340 235-2360 38
8-NMG 188-190° 192° 9
°AspOCH3 and GIUOCH3 , Coleman, D.W.(1951) J. Chem. Soc. (London) 2294- 
2295; y-NMA, Howard, J.B. and Carpenter, F.H.(1972) J. Biol. Chem. 247: 
1020-1030; 8 -NMG, Lichenstein, N.(1942) J. Am. Chem. Soc. 64: 1021-1022.
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Table 2-2. Chromatographic Separation of Amino Acids
Amino Acid Ion exchange0 
Tr (min)
TLCb 
Rf
Asp 9.6 0.34
Thr 11.4
y-NMA 12.3 0.41
Ser 12.4
5-NMG 1 2 .8 0.52
Gin 13.2 0.30
Asn 13.6 0 . 2 2
AspOCH3 14.3 0.53
Glu 15.5 0.47
G1uOCH3 28.0 0.67
°Amino acid separation by ion exchange was performed as described 
in the Materials and Methods.
^Thin-layer chromatography was performed on cellulose plates in 
ethanol: acetic acid: water, 8:1:1 by volume as described in the Materials 
and Methods.
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Table 2-3. Recovery of Aspartic Acid, Glutamic Acid and 
Methylamine on Acid Hydrolysis of y-NMA and S-NMG2
Amino Acid Quantitation6
yrNMA
Asp 1 .0 0
MA 0.95 ±0.11 (4)
5-NMG
Glu 1 .0 0
MA 0.74 ± 0.06 (2)
Response Factorsc
y-NMA/Asp 0.95 ± 0.06 (6 )
5-NMG/Glu 1.02 ±0.06 (5)
AspOCHs/Asp 0.72 ± 0.06 (3)
GluOCHyGlu 1.00 ±0.11 (4)
MA/Nle 0.94 ± 0.04 (4)
Amino acid analysis was performed as described in Materials and 
Methods.
6Molar yield ± standard deviation. Values in parentheses represent 
the number of determinations.
cSee text.
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Table 2-4. PTH Derivatization and HPLC Analysis 
of Selected Amino Acidsa
Reactant
Derivatized 
Amino Acid Tr (min) Yield*
Asp PTH-Asp 2.70 0.90 ± 0.04 (2)
Asn PTH-Asn 3.00 0.91 (1)
PTH-Asp 2.63 0.08 (1)
y-NMA PTH-y-NMA 3.52 0.81 ± 0.084 (3)
PTH-Asp 2.70 <0.02c (3)
Gin PTH-Gln 3.87 0.77 (1)
PTH-Glu 5.30 0 .1 2  (1)
5-NMG P1H-6-NMG 4.94 0.72 ±0.13 (3)
PTH-Glu 5.40 <0.02c (3)
Glu PTH-Glu 5.39 0.92 ± 0.007 (2)
AspOCH3 PTH-AspOCH3 7.81 0.02 ± 0.016 (3)
PTH-Asp 2.67 0.63 ±0.12 (3)
G1uOCH3 PTH-G1uOCH3 9.42 0.23 ± 0.05 (2)
PTH-Glu 5.49 0 .2 2  ± 0 .0 2  (2 )
Leu PTH-Leu 16.89 0.50 ± 0.095 (3)
aPTH-derivatives were prepared and analyzed as described in Materials and 
Methods.
*Molar yield ± standard deviation. Values in parentheses represent the number 
of determinations.
cNot detectable under conditions where the reliable limit of detection was 
estimated as approximately 2% of the major peak.
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Table 2-5. ^-NMR Analysis0
Assignment Multiplicity
Chemical 
Shift (ppm)
Coupling 
Constant, J (Hz)
y-NMA
a-H q, 1H 3.96 4.4
P-H
P'-H
dd, 1H 2.87 4.8, 16
dd, 1H 2.74 8 .0 , 16
7-CH3 s, 3H 2.74
8 -NMQ
a-H t, 1H 3.74 6 . 0
P-ch2 q,2H 2 .1 2 7.2
y-CH2 m, 2H 2.40
8-CH3 s, 3H 2.73
°400 MHz NMR spectra were obtained as described in the Materials and 
Methods.
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Figure 2-1. 1H-NMR spectra of y-NMA and 8 -NMG. Samples were prepared 
in either 99.9 % D2O (y-NMA) or 10 mM HC1 /  D2O (8-NMG). Spectra were 
acquired on a 500 MHz spectrometer, 2056/4 and 256/4 scans/dummy scans 
were collected for -yNMA and 8-NMG, respectively.
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residue while 0.74 equivalents of methylamine were liberated per glutamate 
residue. y-lV-Methylasparagine has a response factor of 0.95 relative to Asp on our 
analyzer system, 8-7V-methylglutamine has a response factor of 1.02 relative to 
glutamate, and methylamine has a response factor of 0.94 relative to norleucine.
The later value is different from the earlier reported response factor (Klotz et al., 
1987) using a different fluorometer system equipped with slightly different filters. 
All of the methylated amino acid derivatives have response factors very similar to 
that of the parent amino acid with the exception that AspOCH3 values are distincdy 
lower relative to those for Asp.
It was previously observed during the sequence analysis of a peptide 
containing y-iV-methylasparagine that, at the NMA sequence position, a component 
was produced which coeluted with PTH-serine (Klotz and Glazer, 1986; Rumbeli 
et al., 1987). Sequence determinations of peptides containing y-iV-methyl- 
asparagine are shown in Table 2-6. The major PTH derivative of NMA elutes at 
the position of PTH-Ser and is obtained in reasonable yield. A secondary 
derivative, whose structure remains to be determined, eluted close to the position of 
dimethylphenylthiourea. As shown below, other methylated amino acid derivatives 
may not match the stability of y-NMA residues under the conditions of Edman 
degradation. The PTH derivatives of the standard methylated amino acids were 
also synthesized and analyzed by reverse phase HPLC in order to determine their 
behavior under the conditions of Edman chemistry. The experimental data (Table 
2-4; Figure 2-2) confirm the coelution of an y-NMA product with PTH-serine and 
the presence of a minor secondary peak that elutes near DMPTU; no PTH-Asp was 
detected in these chromatograms. The major peak eluting at 3.52 min was collected
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Table 2-6. Automated Sequential Edman Determination 
of B-Phycoerythrin (66-74)
Position0
B-phycoerythrin 0 
(66-74)^
Amino Acid Yield (nmol)
6 6 Leu 2.08
67 Be 3.44
6 8 Ser 0.33
69 Pro 2.64
70 Gly 1.28
71 Gly 1.28
72 y-NMA 1.04
73 Cys 0.92
74 Tyr 1 .2 0
°The homologous position using the C-phycocyanin sequence 
numbering system.
*4 nmol of the Porphyridium cruentum peptide were applied to the disc 
in a Model 470A sequencer as described in Materials and Methods. 
Cysteine was identified as the carboxymethyl derivative.
Figure 2-2. HPLC separation of PTH-amino acids. The PTH-amino acids 
were resolved on a C-18 column by a series of binary gradients as described 
in Materials and Methods. Amino acid derivatives are identified by the 
standard one letter code. A. PTH-amino acid standards; B. PTH-y-NMA 
standard; C. Residue 7 (Table 2-6) from B-phycoerythrin peptide p(66-74); 
D. PTH-5-NMG standard; E. PTH-AspOCH3 standard;
F. PTH-GIUOCH3 standard.
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and analyzed by mass spectrometry which confirmed a molecular ion (M + H+ = 
263.9) at the correct mass for PTH-y-NMA (263 amu). The component repre­
senting the minor PTH peak was unstable after collection and we were unable to 
characterize it further chemically. The quantity of the secondary product (~7-10%) 
in the PITC reaction with the free amino acid was much less than the observed 
amount (20-40%) when a peptide is sequenced.
The PTH-S-NMG standard eluted in the position of dimethylphenylthiourea 
(DMPTU) with no detectable PTH-Glu side product (Figure 2-2). This result 
underlines the difficulty in detecting unexpected post-translational modifications 
when relying on a single identification criterion. Previous investigators (Meister, 
1953) have established that 8 -NMG is intermediate in stability to acid hydrolysis 
between Gin which hydrolyzes quickly and Asn which hydrolyzes much more 
slowly. These results suggest that derivatization to make PTH-8 -NMG and PTH- 
Y-NMA will be accompanied by very little formation of PTH-Glu and PTH-Asp, 
respectively, unlike the derivatization of asparagine and glutamine (Table 2-4) 
which generates ~10 % PTH-Asp or PTH-Glu, respectively. The ©-methyl esters 
methyl ester and the hydrolyzed amino acid. The molar recovery of products after 
derivatization of GluOCH3 is relatively low, presumably due to the facile side- 
reaction forming pyroglutamate with a blocked amino group. It should be noted 
that PTH-AspOCH3 and PTH-GIUOCH3 elute near PTH-His and PTH-Tyr, 
respectively, further complicating identification (Figure 2-2). However, the 
appearance of two PTH-derivatives at the position of the modified amino acid 
residue is a convenient diagnostic feature for the methyl esters.
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In summary, when automated protein sequencing is performed using HPLC 
alone to assign the amino acid sequence the incorrect identification of modified 
amino acids is an ever present possibility. Such errors can be minimized by careful 
attention to the repetitive yield values and to qualitative changes in the profile of 
PTH derivatives obtained at each step in the degradation. When y-NMA is encoun­
tered in the sequence serine can be ruled out by the uncharacteristically high yield at 
that step; additional confirmation for the presence of y-NMA can be found in a 
secondary peak at or near the DMPTU elution point. It is expected that 8-NMG in a 
peptide sequence will generate little or no PTH-Glu and a significant peak near 
DMPTU. The presence of either of these modified amino acids can also be 
corroborated by the presence of methylamine in acid hydrolyzates of peptides 
(Klotz et al., 1986; Klotz and Glazer, 1987) or of the PTH-derivatives and 
confirmation can be obtained by mass spectrometry of the peptide or PTH- 
derivative.
Chapter 3 will enumerate the effects of asparagine methylation on 
photosynthetic rates in the wild-type cyanobacterium Synechococcus PCC 7942 
(P72=NMA) and two Synechococcus PCC 7942 mutants (p72=Asn) that exhibit no 
methylase activity. This chapter will begin to establish a function to y-NMA, a 
unique post-translational modification.
Chapter 3
Post-Translational Methylation of Phycobilisomes 
and Oxygen Evolution Efficiency in Cyanobacteria
I. Introduction
The focus of my research is to elucidate the role of post-translational 
methylation in phycobiliproteins. The experiments in this chapter involve the use 
of two independently isolated asparagine methyltransferase mutants from Synech­
ococcus PCC 7942 (Swanson and Glazer, 1990) to examine the effects of 
asparagine methylation on photosynthetic rates. The mutant strains, designated 
pcm-1 and pcm-2, both produce allophycocyanin and C-phycocyanin that is 
unmethylated at position p-72 due to the absence of detectable methylase activity. 
Methylase activity in cellular extracts was screened by using Synechococcus PCC 
7002 apo-phycocyanin as a substrate. This apoprotein was purified from E. coli 
strain RDP145 that bore the plasmid containing the genes for both the a and p 
subunits of C-PC (Bryant et al., 1985, Arciero et al., 1988). E. coli produced C- 
PC that is unmethylated at position p-72 (Klotz and Glazer, 1987) and did not 
produce phycobilins, therefore, the isolated phycocyanin is devoid of any 
chromophores. The methylase assay involved the incubation of apo-phycocyanin 
and [3H-ttzef/zy/]-S-adenosylmethionine with crude cell extracts at 38 °C for 8 h. 
C-PC was tested for nonspecific tritium incorporation by SDS-PAGE and 
autoradiographic analysis. It was demonstrated that > 98 % of the non-dialyzable 
protein radioactivity was present in [3H]-methylamine upon acid hydrolysis and 
amino acid analysis.
This elaborate assay was subsequently used to identify mutants generated by 
exposure to the chemical mutagen, IV-ethyl-A/’-nitro-N-nitrosoguanidine (ENNG), 
that were devoid of methyltransferase activity. The screen for the desired mutations
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involved growing colonies that survived the harsh mutagenesis conditions to a cell 
density so that the aforementioned methylase assay could be applied. Both isolated 
mutants, pcm-l and pcm-2  were shown to lack the capacity to incorporate tritium 
into either endogenous phycocyanin or exogenously added apo-phycocyanin. This 
laborious selection procedure was used because it was not obvious whether loss of 
methylase activity would result in a selectable phenotype.
Phycobiliproteins isolated from these mutant strains are indistinguishable in 
thermal stability and are expressed in amounts comparable to the wild-type. C- 
Phycocyanin purified from the mutants exhibits a slight blue spectroscopic shift in 
its chromophore absorption. Isolated unmethylated phycobilisomes show 
fluorescence emission quantum yields that are 14 % lower than wild-type PCC 
6301 (recalculated from Swanson and Glazer, 1990). This decrease in quantum 
yield for the unmethylated phycobilisomes means that the excitation energy is less 
efficiently transferred to the terminal emitters. Purified phycobilisomes under these 
experimental conditions emit the excitation energy by fluorescence from terminal 
emitters because they have been uncoupled from the membrane-bound PS II 
acceptors. A decrease in quantum yield for the mutants suggests that the p-72 
methylation may be associated with increased energy transfer efficiency from 
phycobilisome components to the terminal energy acceptors in PS II.
In this chapter I have examined relative rates of PS II electron transfer by 
monitoring steady state rates of oxygen evolution for whole cells of Synechococcus 
PCC 7942 (wild-type), and the mutants pcm-1 and pcm-2. This experiment 
provides a simple assay for photosynthetic capabilities. It was hypothesized that 
lower relative oxygen evolution efficiencies would be observed for the methylase- 
minus mutants but this difference was predicted to be no greater than 15 %, based
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on the reported phycobilisome fluorescence emission data. Moreover, this 
advantage for methylated species should be manifested at low light intensity and 
disappear at saturating light where photosynthetic processes other than light- 
harvesting become limiting. I also report that asparagine methylation is associated 
with a selective growth advantage to cells which contain the modification. These 
results provide the first definitive example of a function being attributed to a post- 
translational methylation.
II. M aterials and Methods
A. Strains and Growth Conditions. Synechococcus sp. strain PCC 
7942 (Sherman) was obtained from Professor Louis Sherman, Purdue University; 
PCC 7942 (Berkeley), and the asparagine methylase-minus mutants pcm-1, and 
pcm-2 were obtained from Professor Alex Glazer, University of California, 
Berkeley. Cells were grown in BG-11 liquid media (Rippka et al., 1979) at a 
constant temperature of 28-30 °C in a shaking water bath with constant warm white 
light illumination of approximately 30 pmol photons/m2/s. These units, pmol 
photons/m2/s, are derived from Einstein's law of photochemical equivalence which 
states that a molecule reacts in a photochemical reaction only after absorbing 1 mol 
photons (Goodwin and Mercer, 1983). An Einstein (mol photons/m2/s) is defined 
as the energy of 6.022 x 1023 photons or 6.022 x 1023 hc/A. where h is Planck's 
constant, c is the speed of light and A, is the wavelength. Cells were harvested at 
mid-log phase (chlorophyll concentration ~ 5-6 pg/ml), resuspended in fresh BG- 
11 media and maintained at room temperature for subsequent oxygen evolution 
assays.
B. Oxygen Evolution Measurements. Steady state rates of oxygen 
evolution were measured by using a Clark-type electrode (Hansatech) that 
contained a water-jacketed 1 ml chamber maintained at 25 °C. Air-saturated BG-11 
media was used for electrode calibration. The electrode was interfaced to a 
computer and oxygen evolution rates were stored every 5 seconds for a total assay 
period of 1.5 minutes. The data were analyzed by averaging the two highest 
consecutive 5 second rates for each light intensity. Illumination was provided by a 
500 W xenon lamp alone or in conjunction with a broadband interference filter 
chosen to allow preferential illumination of either the phycobilisomes (orange light) 
or chlorophyll (blue light). The phycobilisomes were selectively illuminated with a 
broadband interference filter (Oriel) with maximal transmission at 597.5 nm, and a 
bandwidth of 55 nm. Selective illumination of chlorophyll a was provided by an 
interference filter (Oriel) with a maximal transmission wavelength at 455.6 nm and 
a bandwidth of 73.2 nm. Maximal light intensities obtainable were approximately 
6400,1600 and 1500 pmol photons/m2/s for white, orange, and blue light, 
respectively. The data recorded in orange and white light as a function of light 
intensity were fit by non-linear regression analysis using the statistical analysis 
program, ENZFITTER (Leatherbarrow, 1987), assuming Michaelis-Menten 
kinetics. This assumption is appropriate as the observed rate of oxygen evolution 
versus light intensity follows a rectangular hyperbola. That is, the rate is 
proportional to light intensity at low intensities; as the intensity increases, the rate 
follows saturation kinetics where the relationship between velocity and light 
intensity collapses and velocity tends towards a limiting value, Vmax.
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Oxygen evolution in whole cells (10 pg chlorophyll (Williams, 1987)) was 
measured in BG-11 media in the presence of 1 mM artificial electron acceptors 2,6- 
dichloro-p-benzoquinone (DCBQ) or 2,5-dimethyl-p-benzoquinone (DMBQ) 
(Eastman Kodak). This electron acceptor concentration yielded maximal rates of 
oxygen evolution for all four strains. Attempts to improve the assay, including the 
addition of 1 or 5 mM KjFe(CN)6 as a terminal electron acceptor in the presence of 
either DCBQ or DMBQ, did not enhance oxygen evolution rates.
C. Statistical Analysis of Quantum Yield Data. Quantum yield 
calculations were made by linear regression analysis, forcing a line through the 
origin using the computer program INPLOT™ (GraphPad Software) and 
normalizing the slope to that of PCC 7942 (Sherman) under identical light 
conditions. It was necessary to apply a statistical test to the quantum yield data to 
determine whether the observed differences in oxygen evolution between wild-type 
and mutants were significant. Professor Lynn R. LaMotte, Department of 
Experimental Statistics, is acknowledged for assistance in the statistical analysis. 
Combined data sets of wild type and mutants from the quantum yield measurements 
were subjected to linear regression with the restriction that the calculated line go 
through the origin. The calculated line fit the equation:
y = bixi + b 2X2
where y is the observed rate of oxygen evolution, xi is the wild-type light intensity 
and xi is the mutant light intensity. From this fitted regression line it was possible 
to test for statistically significant differences between wild-type and mutant by 
calculation of a new "predicted value" of y. The hypothesis that the mutants 
demonstrate rates that are 85 % (calculated from the observed differences in
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fluorescence emission quantum yields of Swanson and Glazer, 1990) of wild-type 
was tested by calculating the "predicted value" (y) for the equation:
y = slopemutant ~ (0.85 slopewjid-type)
According to Feiller's theorem
variance(slopemutant - 0.85 slopewild-typc) = 
variance(slopemutant) + R2 * variance(slopewild-type) 
where R = 0.85. The following equation is solved for T2 which follows a T 
distribution with (n-2 ) degrees of freedom:
T2  = [slopemutant - (0.85 slopewiid-typc)]/[variance(slopemutant)
+ R2 * variance(slopewiid-type)]
The resulting value of T2 is compared to a Student's T-test table at the desired 
confidence interval.
D. Stoichiometry of Asparagine Methylation. Asparagine methylation 
was detected and quantitated by the presence of methylamine, the product of y-N- 
methylasparagine hydrolysis, in acid hydrolyzates of purified phycobiliproteins. 
Cyanobacterial cells were labelled by growth in BG-11 containing 4 pM [3H- 
wer/ty/] methionine (100 pC;/ pmol) and the phycobiliproteins were purified (Glazer 
and Fang, 1973). Protein samples (2 nmol) were acid hydrolyzed for 24 hr at 110 
°C in 6  N HC1 containing 0.1 % phenol and amino acid analysis was performed as 
described below. The radiolabelled hydrolyzates were characterized by collecting 
one minute fractions from the analyzer effluent followed by quantitation utilizing 
liquid scintillation counting. Stoichiometries were calculated assuming that C- 
phycocyanin and allophycocyanin contain three and five methionines, respectively,
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per [ap] monomer. Although methylamine is a marker for /V-methylations that 
include glutamine methylation, there is no reason to believe that any glutamines are 
methylated in these proteins (See Chapter 4).
E. Growth Competition Experiments. A selective growth advantage 
for NMA-containing strains was measured by growing mixed cultures of wild-type 
PCC 7942 and pcm-2 cells in an approximate 1:1 ratio. Two independent 
experiments were performed where the mixed cultures were maintained in early to 
mid-log phase for greater than 200 generations (one generation is approximately 24 
hrs) under low light (25-30 pmol photons m‘2sec_1) in a shaking water bath. The 
cultures were constantly shaken so that all cells received relatively uniform light 
intensity. This holds true under these experimental conditions because the cells 
were not grown to high cell densities. These strains were maintained in early to 
mid-log phase by inoculation of 50 ml media every 10 days at a chlorophyll 
concentration of 2 pg/ml. Approximately 150-200 ml media were inoculated and 
radiolabelled at days 0,100 and 200 for protein purification purposes. The 
labelling protocol involved the inoculation of cultures with 4 pM methionine at a 
specific radioactivity of 200 pCi/mmol which was prepared by mixing the 
appropriate amount of [3H-methyl] methionine (1 pCi/ml) and unlabelled methi­
onine from a 10 mM stock with an equal volume of 95 % ethanol. The cell mixture 
was harvested approximately 14 days post-inoculation, the cells were broken by 
osmotic shock using 0.2 mg/ml lysozyme (Yamanaka and Glazer, 1981) and C-PC 
was purified to homogeneity (Glazer and Fang, 1973). C-PC purity was examined 
by 12 % SDS-PAGE and was judged to be pure if overloading the protein (4-6 pg 
per lane) resulted in no visible linker polypeptides.
10 nmol purified C-PC was prepared for hydrolysis by exhaustive dialysis in 1 
mM NH4AC, 1 mM NaN3 . After dialysis the samples were examined spectro­
scopically at 600, 620 and 650 nm. Five nmol C-PC were aliquoted into an acid- 
washed Pyrex glass hydrolysis tube. One-half milliliter 6  N HC1 containing 0.1 % 
(w/v) phenol to prevent tyrosine oxidation was added directly to the hydrolysis tube 
(Ozols, 1990). Fifty nmol each of unlabelled methionine and methylamine were 
added to prevent nonspecific losses of radioactivity, and 2 -mercaptoethanol was 
added to a final concentration of 0.05 % to prevent methionine oxidation (Ozols, 
1990). These components were prepared by aliquoting methylamine, methionine 
and norleucine from 10 mM stocks followed by the addition of neat 2-mercapto­
ethanol. 250 pi HPLC grade water was added to rinse the sides of the hydrolysis 
tubes. A blank hydrolysis tube containing all components minus the protein was 
routinely prepared to provide an internal standard that monitors experimental losses 
or unwanted contaminants. The samples were frozen in a dry ice-ethanol bath and 
flame-sealed under vacuum. Hydrolysis was performed at 110-115 °C for 24 hrs; 
afterwards, the samples were dried in a desiccator under vacuum containing solid 
NaOH. The dried samples were covered with Parafilm and stored in the freezer at - 
20 °C until analysis. The samples were resuspended in 100-125 pi sodium diluent, 
pH 2.2 (Pickering Labs) for amino acid analysis.
Amino acid analysis was accomplished by medium-pressure ion exchange 
chromatography employing a 3 x 250 mm, 10 pM cation exchange column 
(Pickering Labs) operated at 65 °C. An eluent system of sodium buffers was 
applied as a step gradient of pH 3.28,4.25 and 7.4 at a flow rate of 0.25 ml/min 
for a total time of 70 min. The amino acids were detected by post-column 
derivatization with ninhydrin (Trione reagent, Pickering Labs) at 130 °C in a one
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minute delay loop and the derivatives were detected at 500 nm with an Isco V4  
absorbance detector. The data were collected by using the Dynamax (Rainin) data 
analysis software installed on a Macintosh SE computer.
The radiolabelled hydrolyzates were analyzed by first injecting samples 
equivalent to 1 nmol protein. Quantitation of the hydrolyzates was confirmed by 
comparing the integrated areas of the average of the proline and glutamate peaks 
with the known response factors from the amino acid standard mixture (Amino 
Acid H, Pierce Chemical Co.). Cleavage of these amino acids is known to be 
quantitative under acid hydrolysis conditions. 1-1.5 nmol protein equivalents as 
calculated from the first injection was analyzed for radiolabel. These character­
izations were performed without ninhydrin detection as it was found in preliminary 
experiments that ninhydrin provides a significant quench upon scintillation 
counting. Instead, water was pumped through the ninhydrin lines for the injection. 
One minute fractions were collected from the analyzer effluent and the fractions of 
interest were combined with 1 0  ml of scintillant for scintillation counting in a 
Beckman LS6000I counter. The following settings were used for counting: Single 
Label DPM, H# calculation and color quench correction. Stoichiometries of 
methionine and methylamine were calculated assuming that C-PC contains 3 
methionines and 1 methylamine per [ap] monomer (Glazer and Fang, 1973).
III. Results and Discussion
Cyanobacteria have been present in the oceans since the Precambrian period 
according to fossil records (Brock, 1972). However, it is only in the last 15 years 
that these algae have been recognized as prominent members of phytoplankton 
communities. Although they are estimated to account for only 20 % of the total
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bacterioplankton biomass, these unique photosynthetic autotrophs have been found 
to play a predominant photosynthetic role in oceanic phytoplanktonic communities 
producing ~ 60 % of the total primary production (photosynthetic output) in open 
oceanic systems (Johnson and Sieburth, 1979; Platt et al., 1983). Their typical 
aquatic niche is widespread in the euphoric zone which encompasses the depths of 
water in which net photosynthesis is greater than respiration. The euphoric zone is 
loosely defined as extending from the water surface to depths where the impinging 
solar radiation is 1 % of that at the water surface. Synechococcus sp. have been 
found to be profuse in vertical water columns as deep as 400 m (Waterbury et al., 
1979). Sea water filters the incident sunlight allowing only blue and blue-green 
wavelengths to penetrate meters below the ocean surface (Jerloz, 1976).
Therefore, cyanobacteria must conform to the available light quality in the euphoric 
zone as dictated by the optical properties of seawater.
Photosynthetic characteristics of cyanobacteria in oceanic systems have yielded 
interesting conclusions. Platt et al., 1983 have found that Synechococcus sp. are 
50 % more efficient at photosynthesis at low light intensity when compared with 
plankton greater than 1 pm in size. The cyanobacteria also saturate at much lower 
light intensities than their larger plankton neighbors. Wood et al., 1985 determined 
that Synechococcus sp. exhibited considerable photosynthetic rates at depths down 
to 60 m where the measured light intensity was 33 pmol photons n r2  s*1. This 
contrasts with illumination on the earth's surface which is - 2 0 0 0  pmol photons n r 
2s_1 at mid-day (Glazer, 1989). Thus the hypothesis was put forth that cyano­
bacteria are conferred a selective advantage in their typical aquatic niche in which 
only low level blue-green wavelengths of light are available. Glover et al., 1986 
have additionally found that phycoerythrin-containing strains of Synechococcus
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outcompete their phycoerythrin-less counterparts when grown in low-level blue 
light in the wavelength range of 400-500 nm that is typical of the deep euphoric 
zone.
Based on these results I attempted to determine if asparagine methylation had 
any effects on photosynthetic rates in the presence of several different light 
qualities, broad-spectrum white light, phycobilisome-specific orange light that 
mimics the light available in the euphoric zone and blue light that has a maximal 
absorbance in the chlorophyll region of the spectrum. As an extension of these 
experiments the possibility of a selective growth advantage conferred by asparagine 
methylation was examined at low light.
A. Asparagine Methylation. In order to study the effects of asparagine 
methylation on photosynthetic rates I have studied two independent nitroso- 
guanidineinduced mutants of Synechococcus PCC 7942 that are deficient in 
methylase activity. Mutants pcm-1 and pcrn-2 are unmethylated at position p-72 in 
their phycobiliproteins as determined by methylamine analysis (Swanson and 
Glazer, 1990). These mutants were derived from PCC 7942 (Berkeley) whose 
purified phycobiliproteins were found to be only partially methylated. This was 
surprising as this strain exhibited methylase activity comparable to that observed for 
PCC 6301, which is a fully methylated strain (Swanson and Glazer, 1990). In 
contrast, PCC 7942 (Sherman) which is maintained in our laboratory exhibits fully 
methylated phycobiliproteins. We have examined differences in methylation levels 
of these various strains and have obtained stoichiometries of methylation (Table 3- 
1) that are similar to those reported for both pcm-1 and pcm-2. However,
Swanson and Glazer (Swanson and Glazer, 1990) report a methylation level of 
0.2-0.3 molar equivalents for PCC 7942 (Berkeley) C-phycocyanin
Table 3-1. Asparagine Methylation of Selected Phycobiliproteins0
Strain Protein Methylamine per [ap]
PCC7942 (Berkeley) C-Phycocyanin 0.57
PCC7942 (Berkeley) pcm-1 C-Phycocyanin <0.06*
PCC7942 (Berkeley) pcm-2 C-Phycocyanin <0.07*
PCC7942 (Sherman) C-Phycocyanin
Allophycocyanin
0 . 8 8
1 .0
°Data collected by Professor Alan Klotz. Asparagine methylation was 
quantitated radiochemically by determining the ratio of methylamine to 
methionine in acid hydrolyzates of purified phycobiliproteins and 
converting this value to equivalents per [cxJ3] monomer.
^Experimental limit of detection.
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whereas our data indicate a level of 0.60; the origin of these discrepancies is 
unknown. The strain PCC 7942 (Sherman) which is fully methylated has been 
used for comparison purposes in this study.
B. Effect of Asparagine Methylation on Photosynthetic Rates.
White Light. The oxygen evolving activity of whole cells containing fully 
methylated PCC 7942 (Sherman), hemi-methylated (PCC 7942, Berkeley), and 
unmethylated (pcm-1 and pcm-2) phycobiliproteins was monitored in whole cells 
using 1 mM DCBQ as an artificial electron acceptor. Light saturation curves were 
obtained in the intensity range of 25-3200 pmol photons/m2/sec white light, an 
example of the results of a single experiment is shown in Figure 3-1. The results 
suggested a trend of decreased oxygen evolution at low light that is related to the 
level of methylation in the phycobilisomes. PCC 7942 (Berkeley) and pcm-1 have 
relative oxygen evolution rates that are intermediate between PCC 7942 (Sherman) 
and pcm-2. PCC 7942 (Sherman) and pcm-2 were subsequently evaluated in 
greater detail. At low light intensities the mutant pcm-2 demonstrates photo­
synthetic rates that are 94 % of the wild-type while pcm-1 reveals no difference as 
indicated by the relative quantum yield reported in Table 3-2. When higher light 
intensities are employed the differences in oxygen evolution become less 
pronounced and this is marked by their similar average maximum observed 
velocities (554 and 526 pmol 0 2/mg chl/h for Sherman and pcm-2, respectively). 
This is expected when photosynthetic processes other than light harvesting become 
limiting at saturating light intensities. Kinetic analysis of these data (Table 3-3) 
indicates that the strain containing fully methylated phycobilisomes exhibits a lower 
So.5 than strains with diminished amounts of methylation.
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Figure 3-1. Light saturation curves. Oxygen evolution rates were acquired under 
the following illumination conditions: A, white light; B, orange light and C, blue 
light for wild-type Synechococcus PCC 7942 (open circles) and pcm-2 (solid 
circles). Relative rates, which are the observed rate divided by the maximal 
observed rate, were plotted in each case versus light intensity. These data represent 
the average ± standard deviation of A, two independently collected datasets; B, 
three independently collected datasets and C, two independently collected datasets. 
The figure insets are redrawings of the same data at low light intensity to illustrate 
observed differences.
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Table 3-2. Relative Quantum Yields of Oxygen Evolution
Experimental
Conditions
PCC 7942 
(Sherman)
pcm-2 pcm-1
White Light, DCBQ 1.0 0.94 ±0.04 (2) 0.99 ±0.04 (2)
Orange Light, DCBQ 1.0 0.86* ±0.06 (3) 0.89* ±0.01 (2)
Orange Light, DMBQ 1.0 0.91* ±0.10 (4)
Blue Light, DCBQ 1.0 1.01 ±0.07 (2) 1.15 ±0.26 (2)
Blue Light, DMBQ 1.0 1.05 ±0.05 (2)
Relative quantum yields at low light intensities were calculated by linear 
regression analysis. Datasets are reported as an average ± standard 
deviation with the number of trials, N, in parentheses.
Significantly different from PCC 7942 (Sherman) at the 99 % confidence 
interval (P < 0.01).
*Not significantly different from PCC 7942 (Sherman) at the 95 % confidence 
interval.
Table 3-3. Kinetic Parameters of Oxygen Evolution
Experimental So.5 Vmat
Conditions (pmol photons/m2/s) (pmol Oymg chl/hr)
White Light
PCC 7942 (Sherman) 545 ± 34 781 ± 18
PCC 7942 (Berkeley) 623 ± 53 710 ±23
PCC 7942 (Berkeley )pcm-l 611 ±57 727 ± 25
PCC 7942 (Berkeley )pcm-2 659 ± 37 770 ± 15
Orange Light
PCC 7942 (Sherman) 363 ± 32 655 ± 23
PCC 7942 (Berkeley) 522 ±27 776 ±18
PCC 7942 (Berkeley )pcm-l 419 ±32 678 ± 23
PCC 7942 (Berkeley )pcm-2 446 ±28 760 ±19
Steady state rates of oxygen evolution in the presence of DCBQ were measured 
using a Clark-type electrode. Data are reported from a single experiment ± 
standard errors for the fitted parameters.
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The observed differences in oxygen evolving activity in white light for pcm-2 
do not prove that the differences are due to the level of methylation in the phyco- 
bilisome components. Because the methylase-minus mutants were generated by 
chemical mutagenesis it is possible that additional genetic lesions could be present. 
For this reason we also employed selective illumination conditions in our oxygen 
evolution assays. The following oxygen evolution experiments under different 
illumination conditions demonstrate that the observed differences in oxygen 
evolving capacity can be attributed directly to the phycobilisomes and not to any 
other components of the photosynthetic apparatus.
Orange Light. The phycobilisome components were selectively illuminated 
with light at 598 nm. Oxygen-evolving activities measured under these conditions 
demonstrate a more profound difference between the fully methylated and unmeth- 
ylated strains at lower light intensities. A light saturation curve for PCC 7942 
(Sherman), pcm-1, and pcm-2 was obtained over the 0-1600 pmol photons/m^sec 
range and is shown for wild-type and pcm-2 in Figure 3-1. The relative quantum 
yield of oxygen evolution at low light intensities (0-100 pmol photons/m2/sec) for 
pcm-2 is 86 % of wild-type, as predicted by the reported fluorescence quantum 
yields (Swanson and Glazer, 1990). This difference decreases as higher light 
intensities are achieved and is negligible at 200 pmol photons/m2/sec. The average 
maximum observed oxygen evolution rates were 555 and 572 pmol 0 2/mg chl/li 
for Sherman and pcm-2, respectively. Pcm-1 displays a similarly diminished 
relative quantum yield of 89 % in orange light. Kinetic analyses of these data are 
summarized in Table 3-3. The Sherman strain displays the lowest So.5 in the group 
and the Berkeley strain is higher, as expected. The mutant strains are intermediate 
between the two wild-type strains; this may be a consequence of other effects from
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the chemical mutagenesis. It is noteworthy that the quantum yield differences are 
expressed at levels well below the S0.5 so that the latter parameter is an insensitive 
measure of any differences.
Blue Light. Chlorophyll a in both photosystems was preferentially 
illuminated by use of a broadband interference filter with a maximum transmission 
at 456 nm to demonstrate that decreased oxygen evolution in white light is not 
attributable to differences in the chlorophyll antennae. Illumination at 456 nm 
bypasses the phycobilisome components and provides a control. Under these 
experimental conditions oxygen evolution of the usual complement of fully, hemi-, 
or unmethylated strains demonstrates no significant difference in photosynthetic 
rates. The average maximum observed oxygen evolution rates were 147 and 134 
pmol 0 2/mg chl/h for Sherman and pcm-2, respectively. However, fully saturating 
light intensities that would yield maximal rates of PS II electron transfer are not 
achievable under our experimental conditions with a practical limit of 1500 pmol 
photons/m2/sec. Figure 3-1 shows the oberved rates of oxygen evolution versus 
light intensity for both wild-type and pcm-2. This is not surprising because the 
chlorophyll antenna of PS II in cyanobacteria comprises only -50 molecules and 
this absorption cross-section is small relative to a phycobilisome containing several 
hundred chromophores. Data analysis by curve-fitting to hyperbolic kinetics is not 
appropriate in this case because the maximal velocity is never approached and 
deviates from a rectangular hyperbola; better fits are found to a fourth order 
polynomial. Nonetheless, the differences in photosynthetic rates are unequivocally 
attributed to the phycobilisome components which are the location of NMA.
During the course of these experiments in blue light significant inhibition was 
observed which is presumably due to DCBQ photoreduction. Nedbal et al., 1991
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has observed a similar inhibition of photosynthetic rates with DCBQ in the presence 
of blue light. The nature of the inhibitor is unknown, however, its effect is 
pronounced in blue light; in orange light there was no measurable effect. An 
alternate electron acceptor, DMBQ, which did not demonstrate inhibition in the 
presence of blue light, was then chosen for the experiments. The average 
maximum observed oxygen evolution rates were 106 and 97 pmol 0 2/mg chl/h for 
Sherman and pcm-2, respectively in blue light using DMBQ. It was established 
that the maximum photosynthetic rates observed in the presence of DMBQ were 
approximately 35-40 % lower than rates measured with DCBQ in both orange and 
blue light. Other investigators have observed a similar but more substantial 
decrease in oxygen evolution rates in the presence of DMBQ relative to DCBQ 
(Nedbal et al., 1991; Tanaka-Kitatani et al., 1990). Despite diminished rates the 
data obtained in blue and orange light with DMBQ corroborated the patterns 
observed with DCBQ (Table 3-2). However the orange light data were not 
statistically different in part because the lower overall rate contributes to a higher 
standard deviation for the rates.
Our results indicate that asparagine methylation in phycobiliproteins increases 
the photosynthetic efficiency demonstrated by steady state oxygen evolution 
techniques. The x-ray crystal structure of C-phycocyanin from Mastigocladus 
laminosus argues that NMA is less than 2 A from the propionic acid side chain of 
ring B in the fluorescing chromophore which is responsible for interdisk transfer in 
the phycobilisome (Schirmer et al., 1987). The proximity of NMA suggests that 
methylation could alter the spectroscopic properties of the fluorescing chromophore 
(Duerring et al., 1988). Our data demonstrate that the level of asparagine 
methylation is congruent with increased photosynthetic rates under conditions
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where the phycobilisome components are preferentially illuminated. This trend of 
lower relative photosynthetic rates for the methylase-minus mutants versus the 
wild-type PCC 7942 (Sherman) is observed at low light intensities where energy 
transfer through the light-harvesting complexes is expected to be limiting, and 
disappears under saturating light conditions. Likewise, preferential illumination of 
chlorophyll a in both photosystems results in no demonstrable difference in 
photosynthetic rates between methylated and unmethylated strains utilizing either 
DCBQ or DMBQ. While the observed differences in oxygen evolution between the 
methylated and unmethylated strains are small, they are consistent with the 14 % 
differences in phycobilisome fluorescence quantum yield originally reported 
(Swanson and Glazer, 1990). Thus methylation can improve the PS II quantum 
efficiency from 0.82 to 0.95 (the generally accepted value for phycobilisome 
energy transfer efficiency (Glazer, 1989; Searle etal., 1978).
C. Growth Competition Experiments. These oxygen evolution 
experiments in which differences between wild-type and mutant are observed at 
low light intensity conform to physiologically relevant conditions. Presumably 
such a difference provides a selective advantage to cells growing in aquatic niches 
which are light-limited. Laboratory and field experiments with marine 
Synechococcus sp. indicate that natural light levels for oceanic cyanobacteria are 
commonly in the 30-200 pmol photons/m^sec range (Kana and Glibert, 1987; 
Wood, 1985). This is precisely the light intensity range in which photosynthetic 
rate differences between wild-type and methylase-minus mutants are observed.
The possibility that asparagine methylation imparts a competitive growth 
advantage to cells which contain the modification has been scrutinized. Two
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independent experiments were accomplished by growing mixed cultures of wild- 
type PCC 7942 and pcm-2 cells at a white light intensity of 25-30 pmol photons 
m-2 s-l rather than phycobilisome-specific orange light, since it would be more 
significant if a growth advantage was observed in natural broad-spectrum white 
light. A growth competition experiment should be considered in the presence of 
phycobilisome-specific orange light in the future, however, to determine the 
maximal possible growth advantage for NMA-containing strains. It is anticipated 
that phycobilisome-specific illumination will present possible technical difficulties 
such as depressed doubling times for the cyanobacterium and thus risking a 
diminished radiolabel incorporation. C-PC from each of the labelling periods was 
subjected to hydrolysis and amino acid analysis which enabled quantitation of 
methionine/methylamine. Approximately 2-3 mg of pure labelled C-PC was 
recovered from 200 ml starting culture; the typical yield was 25-30 %. Table 3-4 
shows the spectroscopic 620/650 and specific radioactivities of the various purified 
C-PC. All samples were > 95 % pure as judged by the absence of linker poly­
peptides in SDS-PAGE despite the fact that the 100 day sample from growth 
experiment #2 had a suboptimal 620/650. The C-PC isolated at time 0 was mixed 
with unlabelled Sherman R2 (wild-type) in equal proportions, which accounts for 
the diminished specific radioactivity in these samples. All subsequent preparations 
were handled without radioactive carrier in order to improve the specific 
radioactivity.
The addition of p-mercaptoethanol, and unlabelled methylamine and 
methionine greatly enhanced total radiolabel recovery in the amino acid hydrolyses. 
P-mercaptoethanol prevents methionine oxidation to methionine sulfoxide
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Table 3-4. Radiolabelled C-Phycocyanin Purity and Specific Radioactivities
Experiment 620/650 pCi/mmol C-PC pCi/pmol site
timeO 
time 100 
time 200
timeO
time 100
4.5
4.9 
4.0
4.9 
3.4
6.3
15.0
9.7
5.8 
45.3
1.6
3.8
2.5
1.5 
1.3
when added to a level of 0.05 % (w/v); the sulfoxide characteristically elutes 
immediately prior to aspartate in ion exchange amino acid analysis/separation. In 
these experiments methionine sulfoxide comprised 50-90 % of the total methionine 
without the p-mercaptoethanol and was reduced to 2-2.5 % upon its addition. The 
total recovery of radioactivity in amino acid hydrolyzates was also improved upon 
the addition of unlabelled methylamine and methionine as carrier. The recovery 
was enhanced by 30 % in one case. All hydrolyzates demonstrated ~ 100 % 
recoveries when unlabelled carrier was included, with the exception of the time 0 
point for growth experiment #2 which had an 88 % recovery (Table 3-5). 
Radiolabel recoveries of up to 120 % as shown in Table 3-5 are obviously 
fallacious; these results are due to errors inherent in radiolabel calculation of C-PC. 
The frequent underestimation of radiolabel can be ascribed to the insolubility of 
intact C-PC in the organic/aqueous scintillants. Addition of a tissue solubilizer 
does not improve observed counts. Nevertheless, these radiolabel values were 
useful as a guide in estimating the expected amounts of radioactivities in acid 
hydrolyses. The addition of methylamine/methionine carrier and/or p- 
mercaptoethanol was also beneficial in minimizing an unidentified radioactive peak 
at the injection front of the amino acid analysis chromatogram. This peak typically 
comprised 4-10 % of the total radioactivity when neither component was added and 
was reduced to 0-3 % with the supplements.
The growth competition experiments clearly demonstrate that asparagine 
methylation imparts a selective growth advantage upon strains bearing the 
modification. Table 3-5 shows the results of these experiments in which the 
radiochemical ratio of methylamine/C-PC [ap] is analyzed at three different time 
points in two independent experiments. There are three methionines per [ap]
Table 3-5. Competitive Growth Experiments
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Experiment Radiolabel Recovery [methylamine]/C-PC [ap]
1.
timeO 106% 0.54
time 100 108 0.81
time 200 108 0.87
2.
timeO 88 0.36
time 100 120 0.51
[methylamine]/C-PC [aJ3] was quantitated radiochemically by determining the 
radiochemical ratio of methylamine to methionine in acid hydrolyzates of purified 
phycobiliproteins.
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(Glazer and Fang, 1973); thus methylamine/C-PC [ap] is obtained by multiplying 
the methionine/methylamine ratio by 3. This experiment involved the mixing in a 
1:1 ratio of methylated and unmethylated strains. The accuracy with which this 
was achieved can be evaluated by the methionine/methylamine at time 0. Equal 
proportions of the two strains of interest at time 0 should result in a methio­
nine/methylamine of 0.17; i.e. there are 6 methionines per methylamine in this cell 
mix. Experiments #1 and #2 are within 5 and 30 %, respectively. Time point 200 
was not included in experiment #2; the cell culture died during the 200 generation 
labelling period. These data indicate that asparagine methylation effects a difference 
in growth rate of (1 - 0.686) + 0.028 over the first hundred generations as 
calculated from the change in methylamine/C-PC [ap]. The difference in growth 
rate after 100 generations, which is calculated by assuming exponential cell growth, 
is obtained by solving for x in the following equation:
100 (log x) = log (0.686)
The growth rate advantage provided by asparagine methylation is then calculated as 
(1-20 or 0.0038 for these data. This translates into a growth advantage of ~ 0.38 % 
per generation. There is little difference in the radiochemical ratio between time 100 
and 200, and this observation can be explained by having a progressively smaller 
population that is under selective pressure as the experiment progresses. The 
number of generations required for NMA-containing strains to outcompete NMA- 
lacking strains to a level of 99 % is calculated as follows:
x log (0.996) = log 0.01 
where x is the number of generations. This equation states that if there is a 
difference in growth rate of 0.996 per generation, x generations have to occur to 
observe a final population of 1 % unmethylated cells. Based on these data, it
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would theoretically take 1210 generations (3.31 years) for the methylated cells to 
outcompete nonmethylated ones to a level of 99 %. 3.31 years is an extremely 
short period of time on the evolutionary time scale. These results imply that in an 
aquatic environment a single stable methylation could confer a significant growth 
advantage to cells. Cyanobacteria are obligate phototrophs that totally depend on 
sunlight for carbon fixation and have adapted their light-harvesting capabilities by 
expending cellular energy to methylate a single conserved asparagine. The 
presumed oceanic population that is under selective pressure is of enormous 
magnitude and is therefore not expected to plateau at early generation times as 
indicated by these experimental results. While these experimental results are 
interesting, correlation between methylation and growth rate differences cannot be 
unambiguously assigned due to the nature of the methyltransferase mutants. There 
exists the possibility that unidentified lesions are present due to the use of the 
chemical mutagen, ENNG. However, this hypothesis of a selective advantage 
would have been falsified if no growth rate difference existed.
The bioenergetics of metabolism in an organism are typically designed to 
enhance survival in a particular ecological niche. Cyanobacteria have adapted to 
their oceanic environment of low intensity light (X = 500-600 nm) by producing 
large quantities of phycobiliproteins which typically account for approx. 20-50 % 
of the total soluble protein (Glazer, 1984). The experiments presented in this 
chapter demonstrate that asparagine methylation in which a single methyl group is 
added to the conserved p-72 position affords an impressive selective growth 
advantage. This modification, as will be described in Chapter 4, improves the 
energy transfer efficiency through the phycobilisomes to Photosystem II by 
decreasing nonradiative pathways of deexcitation.
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In contrast to the addition of a stable modification to improve light harvesting, 
cells frequently compensate for catalytic inefficiency in metabolic pathways by 
producing greater amounts of target enzymes. The chemical flux through a 
metabolic pathway is often regulated by controlling the activity of the enzyme 
catalysing the rate-limiting step in the reaction (Fersht, 1985). An example of a 
tightly regulated enzyme is thymidylate synthase (TS), which is an enzyme that 
provides the sole de novo intracellular source of dTMP, a necessary precursor to 
DNA. The enzyme catalyses the conversion of dUMP and 5,10 -methylene- 
tetrahydrofolate to dihydrofolate and dTMP. TS levels are increased 5.5 fold after 
24 hour exposure to the cytotoxic molecule, 5-fluorouracil, in human colon cancer 
cells (Chu et al., 1993). This rapid increase in TS translation is postulated to be a 
protective mechanism by which cells can quickly overcome the effects of cyto­
toxicity. Dihydrofolate reductase is another example of an enzyme whose levels 
can be quickly increased during cellular stress such as methotrexate exposure 
(Bastow et al., 1984). It is evident from these examples that enzymes can quickly 
respond to catalytic inefficiencies by simply boosting desired enzyme levels by 
several fold.
In much the same way that evolutionary natural selection has optimized DNA 
biosynthesis, it has improved cyanobacterial light-harvesting. Like key regulatory 
points in enzymatic pathways, light-harvesting is essential because cyanobacteria 
are obligate phototrophs and depend on sunlight for all of their carbon fixation. 
There are two essential steps in light-harvesting that must be optimized: 1. the 
maximal amount of light energy must be captured and 2. the excitation energy must 
reach PS II with minimal losses so that ATP and reducing power can be produced. 
Fortification of cyanobacterial light-harvesting capabilities by simply increasing the
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amount of phycobiliproteins to maximize the amount of captured light energy is not 
feasible; phycobiliproteins already comprise up to 50 % of the total cellular protein. 
Some species of cyanobacteria have adapted to maximize the amounts of phyco­
biliproteins relative to perceived needs. Several phycoerythrin-containing 
organisms undergo chromatic adaptation in which phycobiliprotein composition is 
dictated by incident light quality and the nutritional status of the cell (Glazer, 1982). 
Chromatic adaptation results in limited modification of the phycobilisome, 
however, as the distal ends of the phycobilisome rods are simply appended with 
additional phycobiliproteins to maximize light absorption. This adaptation is of 
little consequence, however, if the captured light energy is inefficiently transferred 
to the photosynthetic reaction center. Asparagine methylation seems to be a more 
effective way to increase the efficiency of a key rate-limiting step in light- 
harvesting, energy transfer through the phycobilisome. Therefore, asparagine 
methylation at p-72, which will be shown in Chapter 4 to increase energy transfer 
efficiency, is the logical improvement for optimization of the "limiting process" in 
the light reactions of photosynthesis, light harvesting. The observed changes in 
growth rate are admittedly small, however, they are quite significant as argued from 
a natural selection point of view.
These results suggest an interesting structure/function relationship for 
asparagine post-translational modifications in proteins. This modification is not 
known to be present in any other proteins but is highly conserved in cyanobacteria 
and red algae. Asparagine methylation of proteins is now one of the few stable 
post-translational methylations for which a function can be demonstrated. The 
function of other post-translational modifications of arginine, histidine, and lysine 
methylation in proteins remains controversial (Yan et al., 1989).
The steady-state oxygen evolution experiments in this chapter are published in 
"Thomas, B.A., Bricker, T.M., and Klotz, A.V. (1993). Post-translational 
methylation of phycobilisomes and oxygen evolution efficiency in cyanobacteria. 
Biochim. Biophys. Acta 1143: 104-108." All of the experiments in this chapter 
were performed by myself with the exception of those in Table 3-1 which were 
acquired by Professor Alan Klotz.
Chapter 4 will describe the extensive characterization of two p-72 site-specific 
mutants of C-PC in Agmenellum quadruplicatum. These results represent the 
foremost instance in which mutations are effected at the bilin binding site in a 
phycobiliprotein and will demonstrate that NMA serves an momentous function in 
the light-harvesting capabilities of phycobiliproteins and phycobilisomes.
Chapter 4
Characterization of (3-72 Site-Specific Mutants 
in C-Phycocyanin
I. Introduction
The focus of this dissertation is to elucidate the role of asparagine post- 
translational methylation in C-phycocyanin (C-PC). Our previous experiments 
involving two independently isolated asparagine methyltransferase mutants from 
Synechococcus PCC 7942 have shown that asparagine methylation is associated 
with enhanced quantum yields of oxygen evolution (-14%) and increased photo­
synthetic efficiency (Thomas et al., 1993; Swanson and Glazer, 1990). This 
suggests that the p-72 methylation is associated with increased energy transfer 
efficiency from phycobilisome components to the terminal energy acceptors in 
Photosystem n. The presence of NMA is associated with a selective growth 
advantage under low light conditions to cells which contain the modification. The 
goal of the studies presented in this chapter is to substantiate the hypothesis that 
NMA uniquely interacts with the p-84 chromophore thereby optimizing transfer 
efficiency. To this end I report the spectroscopic characterization of two site- 
specific mutants of C-PC from Agmenellum quadruplicatum which possess either 
Asp or Gin in the place of NMA. As noted in Chapter 1, the examination of 
phycobilisome energy transfer properties by analysis of the available methyl­
transferase mutants would continually leave one to ponder the possibility of genetic 
lesions other than the desired enzyme deficiency. The construction of p-72 site- 
specific mutants obviates these fears but introduces other subtle complications in 
interpretation. Any observed experimental effects obtained as a result of the 
mutation cannot be directly attributed to asparagine methylation. Rather, they are 
likely to be due to the introduction of an amino acid with differing chemical
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properties. The p-72 Asn to Asp mutant was constructed in order to test the 
hypothesis that placement of a negative charge in the proximity of the fluorescing 
chromophore causes electrostatic repulsion from the propionic acid side chain 
which could alter chromophore geometry. The p-72 Asn to Gin mutant was 
constructed to test the possibility of altered chromophore orientation due to the 
substitution of an N-methyl group with a methylene group. This mutant was also 
constructed to test for the possibility of glutamine methylation which would address 
possible methyltransferase specificity.
In this chapter I clearly demonstrate that NMA replacement directly affects the 
spectroscopic properties of the p-84 chromophore by increasing non-radiative 
pathways of de-excitation that lead to less efficient energy transfer. These 
experimental data are in agreement with theoretical calculations using the crystal 
structure of C-PC from Mastigocladus laminosus (Schirmer et al., 1987). My 
studies also assess the molecular dynamics properties as a result of p-72 replace­
ment on local protein and bilin structure. The calculations suggest that NMA 
introduces a unique chromophore geometry and local hydrogen bonding network. 
The site-directed mutants have also been characterized by steady-state oxygen 
evolution techniques in which NMA replacement confers diminished photosynthetic 
capabilities upon whole cells. Finally, I demonstrate that B72Q appears to be 
hemimethylated by an unidentified methyltransferase.
II. Methods
A. M utant Construction. Genetic engineering at the p-72 sequence 
position was accomplished by Professor Don Bryant's laboratory, Department of 
Mol. Cell Biol., Penn State University. The method for mutant isolation is
84
summarized as follows: A. introduction of specific mutations into the cpcB gene 
via site-directed mutagenesis with an oligonucleotide template; B. confirmation of 
the mutations by restriction endonuclease digestion and DNA sequence analysis; C. 
cloning of the mutant gene into a suitable biphasic shuttle vector for introduction 
into the cyanobacterium; D. transformation of Synechococcus PCC 7002 cells that 
carry a deletion of the cpcA and cpcB genes with a plasmid containing the mutant 
gene; e. re-isolation of the plasmid DNA and repetition of DNA sequence analysis.
Mutations in the C-phycocyanin p subunit were constructed on the 1.69 kbase 
BgRl-Xhol fragment of plasmid pAQPRl (de Lorimier et al., 1984) and inserted 
into the BamHl - SaR site of plasmid pUC9. Site-directed mutagenesis was 
performed by the method of Kunkel, 19851; 1987. The region surrounding the 
target sequence and the changes are shown in Figure 4-1. The AAT (Asn) codon 
was first altered to AAA (Lys) to create a HindUl site around codon 73 (AAGCT 
T), which affords a simple screen for introduction of mutations. The codon 
mutations GAC (Asp) and CAG (Gin) were constructed from this starting point; 
both resulted in loss of the HindUl site.
The appropriate genes were introduced into the biphasic shuttle vector plasmid 
pAQE19 following site-directed mutagenesis by cloning into the HindlU-EcoRl 
site. PCC 7002 strain PR6230 was transformed with the shuttle vector, followed 
by selection for antibiotic resistance. Figure 4-1 shows a physical map of the cpc 
operon from Synechococcus PCC 7002 strain PR6230. Strain PR6230 contains a 
transposon (Kmr) insertion into the genomic Bglll-Xhol site. Figure 4-1 shows 
aphll that replaces the cpc A, cpcB and part of the cpcC genes, which effectively 
yields a cpc&BAC phenotype. The transposon insertion precludes the possibility of 
recombination and gene conversion events that might otherwise occur between the
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PR6230
cpcAcpcB cpcC
■aphll
D -  cpcE cpcF
GCT CCC GGT GGA AAT GCT TAC
*** *** *** *** *** ***
Ala Pro Gly Gly Asn Ala Tyr
68 69 70 71 72* * *
73 74
AAA = Lys 
GAC = Asp 
CAG = Gin
Figure 4-1. A, Physical map of the cpc operon of Synechococcus PCC 7002 strain 
PR6230. Boxes indicate positions of the genes. Strain PR6230 contains a 
transposon insertion which encodes for kanamycin resistance, aphll, and is shown 
as inserted into the genomic Bglll-Xhol site. TThtis interposon replaces the cpc A, 
cpcB and part of the cpcC genes which effectively yields the cpc&B AC phenotype. 
B, Nucleotide and amino acid sequence o f7002 C-PC p subunit from amino acid 
positions 68-74. Codon alterations at the p-72 site are also shown.
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wild-type (genomic) and plasmid-borne mutant alleles of the cpc B gene. cpcC 
encodes the 33 kDa linker polypeptide; absence of this linker causes the 
phycobilisomes to have shortened rods. Therefore, a control strain is used in 
which PR6230 is transformed with wild-type cpc BA genes (Swanson et al.,
1992). Expression in a Synechococcus PCC 7002 background is essential to 
ensure proper chromophorylation and phycobilisome assembly.
B. Strains and Culture Conditions. Strain PR6000 of Synechococcus 
PCC 7002 (wild-type Agmenellurn quadruplicatum) was grown at 32-37 °C in 
Media A supplemented with 1 mg/ml NaN0 3  (Stevens etal., 1973). The strains 
were maintained in Media A plus nitrate which was supplemented with 1.2 % (w/v) 
Bacto-agar for solid cultures (Difco Industries, Detroit, MI). All media were 
supplemented with 50 (ig/rnl ampicillin and 200 pg/ml kanamycin provided from a 
20 and 50 mg/ml stock, respectively. The cultures were constantly stirred and 
vigorously bubbled with 4 % CO2 . Light was provided by cool-white fluorescent 
bulbs at an intensity of 90 - 100 pmol photons/m2/sec. Cells were grown in batch 
(1-10 L) for phycobilisome and C-phyeocyanin purification. These cultures were 
maintained at an approximate temperature of 32-34 °C for 10 L carboys and 35-36 
°C for 1 L Fernbachs with heat provided from Thermolyne magnetic stirrers. The 
growth rates of the various strains was determined by inoculation of 50 ml Media A 
at an initial chlorophyll concentration of 1 pg/ml with cells growing at mid-log 
phase. These cultures were maintained at 37 °C in a shaking water bath at a light 
intensity of 70 - 80 pmol photons/m2/sec. The cultures were not bubbled with CO2 
because our laboratory is not equipped to simultaneously maintain both the temper­
ature at 37 °C and bubble the cultures with CO2 . Growth rates of wild-type, 
control and mutants were monitored by quantitation of chlorophyll (Williams,
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1988). In this case, a 1 ml aliquot was sterilly extracted from the growing cultures. 
The aliquot was centrifuged and the pellet was resuspended in fresh Media A for 
chlorophyll determination at 24 hour intervals. Growth rates were determined by 
linear regression analysis of chlorophyll concentration as a function of time (days 
1-7).
C. Phycocyanin Isolation. Cells of Synechococcus PCC 7002 wild-type, 
control and mutants were grown in 10 liter carboys, harvested at approximately 2 
weeks post-inoculation, stored at 4 °C and broken by the general method of Glazer 
and Bryant, 1975. Thawed cells were washed three times at 0.2 mg/ml in 50 mM 
NaPC>4 (pH 7), 2 mM EDTA, 1 mM NaN3 and 1 mM phenylmethylsulfonyl 
fluoride (PMSF). The suspension was homogenized to remove any large cell 
masses and passed through an Aminco French pressure cell at 17,000 psi and 4 °C. 
The resulting emulsion was centrifuged at 17,000xg at rmax for 30 min. The 
supernatant was decanted and the pellet washed once with NaPC>4 buffer. The 
pooled supernatants were precipitated by the addition of ammonium sulfate to 65 % 
saturation and refrigerated overnight at 4 °C. The precipitate was collected by 
centrifugation and dialyzed for approximately 24 hours in 5 mM NaP0 4  (pH 7), 1 
mM NaN3 and 1 mM p-mercaptoethanol in preparation for DEAE-cellulose 
chromatography according to Glazer and Fang, 1973. Initial chromatography was 
effected on a DEAE column whose dimensions were dictated by the relation 5 mg 
protein /1  ml resin. The dialyzed samples were briefly centrifuged at 17,000xg at 
rmax to remove adventitious chlorophyll and were applied to the column. One 
column volume of the 5 mM buffer was applied followed by elution of the protein 
with a linear gradient of 5 - 200 mM NaP0 4  (pH 7). After the initial chroma­
tography step the C-PC pool was precipitated in 65 % ammonium sulfate followed
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by dialysis in 1 mM NaKPC>4 (pH 7), 100 mM NaCl, 1 mM NaN3 and 1 mM p- 
mercaptoethanol. The sample was applied to a 1.5 cm diameter hydroxylapatite 
column whose bed volume was calculated at 5 mg C-PC per ml resin. The column 
was washed with one volume of 1 mM KPO4 buffer and was developed using a 
step gradient of 5-10 column volumes each of 20,40 and 100 mM NaKP0 4 . The 
elution profile was determined at 620 and 650 nm. The fractions characterized by a 
620 /  650 > 4.0 emerged at 40 mM KPO4  and were pooled. In some cases a small 
fraction of C-PC coeluted at 100 mM KPO4  with allophycocyanin and was pooled 
separately until sample purity was examined electrophoretically.
C-PC purity was examined spectroscopically and by SDS-PAGE. 
Approximately 6  pg of each C-PC sample was loaded onto a 12 % continuous 
resolving gel with a 6  % stacking gel.
D. Phycobilisome Isolation. Phycobilisomes were prepared by a 
procedure similar to that of Bryant et ah, 1979. All buffers contained 0.75 M Na- 
KPO4  (pH 7), 1 mM p-mercaptoethanol and 1 mM NaN3 . Wild-type and mutant 
phycobilisomes were always concurrently prepared. All procedures were per­
formed at room temperature. Cells were grown in a 1 L Fernbach and harvested at 
mid-log phase when the chlorophyll concentration was approximately 1 -2  pg 
chlorophyll/ml. Cells were washed three times in 0.75 M buffer, 0.1 M sucrose 
and resuspended at 0.3-0.5 g wet weight/ml. Cells must be fairly concentrated 
prior to cell breakage as the isolated phycobilisomes are unstable at A580 <0.15. 
The cells were disrupted by one pass through a French pressure cell as described 
for C-PC purification. The cell suspension was adjusted to 1.5 % (w/v) Triton X- 
100 and incubated at room temperature for 30 minutes with stirring. This step 
releases intact phycobilisomes from the membrane bilayer. The sample was centri­
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fuged at 31,000xg at rmax for 15 minutes to remove unbroken cells and membrane 
particles. The resulting blue supernatant was carefully pipetted from underneath a 
floating detergent-chlorophyll layer. Approximately 2-4 ml was loaded onto a 40 
ml step (0.2-1.0 M) sucrose gradient and centrifuged at 87,200xg at rmax for 16 hrs 
(SW-28). Phycobilisomes were recovered free of contaminating chlorophyll from
0.6M sucrose for the engineered mutants and from the 0.8 M layer for PCC 7002 
(wild-type). Phycobilisome preparations were run on a 10-15 % linear gradient 
SDS-PAGE. Approximately 50 pg protein was loaded per sample.
It was deemed necessary to remove the sucrose from the phycobilisome 
samples in preparation for fluorescence measurements so as to eliminate any 
aberrant polarization or rotational diffusion effects caused by the presence of 
sucrose. Ultrafiltration of phycobilisome samples reproducibly yielded spectro­
scopically intact phycobilisomes. Successful sucrose removal was accomplished 
by repeated washings of the sucrose-containing sample in a 10 ml ultrafiltration 
apparatus using a PM-10 membrane (Diaflo, Corp.) with 0.75 M NaKPC>4 (pH 7) 
while avoiding any sample dilution. The integrity of the ultrafiltered samples was 
examined by fluorescence emission spectroscopy. Other methods have been used 
to concentrate and/or remove sucrose from phycobilisome samples; these include 
ultracentrifugation, ammonium sulfate precipitation and gel filtration (Glazer, 1988; 
Bryant et al., 1990). All of these alternatives were attempted without success due 
to concentration-dependent phycobilisome instability.
E. Isoelectric Focusing. Isoelectric focusing was accomplished by using 
the PhastGel system (Pharmacia). 0.45 mm gels were rehydrated for approxi­
mately 30 min in 2 % ampholyte mixture (4:1 mixture of pH 4-6:pH 3-10 
ampholyte) along with 8 M urea in a small petri dish (Yamanaka et al., 1982). C-
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PC samples were prepared by centrifugation of a few mg of C-PC as an ammonium 
sulfate pellet. The C-PC pellet was resuspended at 10 mg/ml in 20 mM NaP0 4  
(pH 7.0) and solid urea was added to a final concentration of 8 M. 5 pi C-PC 
solution was mixed with 1 pi sample concentrate to yield a final protein 
concentration of approximately 3 pg/pl. The sample concentrate was prepared 
according to Biorad Protean II Technical Manual instructions without Triton X- 
100. Samples of 0.5 pi were applied to the gels and focused for 500 V-hrs. The 
gels were fixed for 30 min in 20 % TCA with shaking followed by automatic fix, 
stain and destain by the PhastGel apparatus. The gels were additionally destained 
overnight. This routine minimized the gel background which is significant if the 
Pharmacia protocol is strictly followed. The pH gradient was calibrated through 
the use of isoelectric focusing standards (pH 3.6 - 9.3) (Sigma). Standards were 
prepared at a final concentration of 1 pg/pl and mixed with sample concentrate in a 
5:1 ratio.
F. Glutamine Methylation Analysis. The control strain (cpcBA/BA), 
B72D and B72Q were propagated by inoculation of approximately 200 ml Media A 
to a chlorophyll concentration of 1-2 pg/ml from starter cultures that were in mid­
log growth phase. The cultures were maintained at 37 °C in a shaking water bath.
4 pM [3H-methyl] methionine (200 pCi/pmol), which was used as a probe to 
assess differences in methylation levels, was added to the cyanobacterial culture. 
The cells were harvested approximately 14 days post-innoculation and the C-PC 
was purifed to homogeneity as described above. Protein purity was analyzed by 15 
% SDS-PAGE. In all cases varying levels of high molecular weight impurities 
were identified by gel warranting further purification by gel filtration. The samples 
were prepared for gel filtration by exhaustive dialysis in 20 mM NaPC>4 (pH 7.0), 1
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mM NaN3 and 1 mM p-mercaptoethanol. C-PC was centrifuged prior to 
chromato-graphy at 17,000xg at rmax for 10 min to remove any suspended 
aggregates / denatured protein and the sample was applied in a volume of less than
2.0 ml to a 100 x 1.5 cm S-200 column. The C-PC was collected and precipitated 
in 65 % saturated ammonium sulfate. The final yield of pure C-PC from 200 ml 
starting culture was approximately 1 mg. C-PC was prepared for hydrolysis and 
amino acid analysis by the methods described for the growth competition 
experiments.
G. Steady-State Oxygen Evolution Experiments. These steady state 
oxygen evolution experiments were accomplished according to the methods 
described in Chapter 3 in which selective illumination conditions were employed. 
Oxygen evolution experiments were accomplished under specific illumination 
conditions:broadband white light, phycobilisome-specific 598 nm light and 
chlorophyll-specific 456 nm light.
H. Absorbance Spectroscopy. Absorbance spectra were acquired using 
a Uvikon 810 spectrophotometer (Kontron Instruments, Switzerland) with a 
bandwidth of 2 nm and a pathlength of 1 cm. Data were acquired every 1 nm. 
Extinction coefficients were determined as in Lundell and Glazer, 1983. C-PC 
samples were dialyzed in 20 mM NaP0 4  (pH 7.0), 1 mM NaN3 , the resulting 
absorbance was approx. 1.5 at the Amax. C-PC was diluted with 8 M GuHCl - 5 
% (v/v) formic acid (3 volumes GuHCl: 1 volume C-PC) to yield a 6 M GuHCl 
solution. The absorbance was recorded at the maximum near 663 nm which is the 
A.max for a bilin in cyclohelical conformation. The bilin absorbance was normalized 
to the maximal absorbance of C-PC under native conditions to determine the 
relative extinction coefficient.
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I. Fluorescence Spectroscopy. Steady state fluorescence spectra were 
acquired with an SLM 8000 spectrofluorimeter interfaced to a MacIIcx using the 
Labview Program (National Instruments Corp., Houston, TX) in Professor Mary 
Barkley's laboratory. Magic angle polarizers were set to 55° for excitation and 0° 
for emission. Monochromator slits and lamp voltage were adjusted so that the 
intensity of the emitted light is favorable for single photon counting detection (>
40,000 counts). The spectral bandwidths were set at 4 and 2 nm for excitation and 
emission, respectively, for steady-state emission spectra. All measurements were 
made with the emission monochromator 90° to excitation. The maximum 
absorbance at the excitation wavelength of 580 nm was 0.2 cm '1 for all phyco- 
biliprotein and phycobilisome samples. Steady-state emission spectra were 
collected by scanning the emission monochromator from 600-800 nm at a rate of 5 
sec/nm. All emission spectra were corrected for buffer absorbance and for 
wavelength-dependent instrument response by using correction factors determined 
by Wieslaw Stryjewski. Steady-state anisotropy measurements were performed as 
outlined in Lakowicz, 1983 using the L-format method which is briefly described 
as follows: the anisotropy is calculated by r = (IVv - Glyn) /  A w  + 2GIvh) where 
the subscripts refer to the vertical (V) and horizontal (H) orientation of the 
excitation and emission polarizers. The G value, which refers to the ratio of the 
sensitivities of the detection for horizontally and vertically polarized light, is equal 
to Ifjy /  Ihh- All steady state anisotropy measurements were made with excitation 
and emission spectral bandwidths set at 1 nm and an integration time of 20 sec/nm 
for C-PC; the corresponding spectral bandwidths for phycobilisome measurements 
were set at 1 and 4, respectively. Anisotropy spectra of C-PC samples were 
acquired by setting the emission maximum at 650 nm and scanning the excitation
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monochromator from 580-640 nm. Phycobilisome anisotropy spectra were 
collected by setting the emission maximum at 670 nm and scanning the excitation 
monochromator in the wavelength range of 580-660 nm. The phycobilisome 
anisotropy spectra at each orientation was smoothed by utilizing the generic 
"smoothing" function in the Labview program.
Time-resolved fluorescence studies were accomplished in Professor Mary 
Barkley’s lab through the use of an Nd-YAG synchronously pumped dye laser 
using Rhodamine 6G as the lasing dye as described in McMahon et al., 1992. All 
samples were matched at either 0.1 or 0.2 at 580 nm, the excitation wavelength. 
Emission was detected from 620-670 nm in 10 nm increments and 640-680 nm in 5 
nm increments for C-PC and purified phycobilisomes, respectively. Data was 
collected from a microchannel plate detector using single photon counting. The 
instrument response function varied from 50-80 psec and was obtained from light 
scattered with a standard glycogen solution that was matched in signal intensity to 
the protein samples. Decays from the sample and lamp reference were contem­
poraneously collected to 25,000 counts in the peaks for each emission wavelength. 
The data was collected in 1024 channels with a time correlation of 0.00733 
nsec/channel.
The decay curves were deconvolved and analyzed as sums of exponential 
decays by using the "Globals" Unlimited Fluorescence package (Knutson et al., 
1983; Beecham, 1989). Practical reviews on "Global" and least squares analysis of 
fluorescence decay data can be found in Straume et al., 1992 and Beecham et al., 
1992. The goodness-of-fit to a physical model, such as a triple exponential decay, 
was determined by the magnitude of the reduced %2, the shape of the auto­
correlation function and analysis of the weighted residual errors. The y} value
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gives an indication of the data’s goodness-of-fit to a particular model. It is defined 
as the weighted sum of squares of the deviation for individual datapoints from a 
chosen function. The optimal fit of a dataset to a given equation is one that 
minimizes %2 to the value of 1.0. Calculation of the weighted residual errors yields 
experimental uncertainty for data fit to a certain model. The equation for calculation 
of these errors is expressed as a difference between observed values of a dependent 
variable, such as fluorescence intensity, and the optimal calculated values for that 
model. Analysis of residual error is accomplished by inspection of the graphical 
scatter pattern as a function of channel. The pattern should be random about zero if 
data fit well to a specified function. Finally, the autocorrelation function, which 
calculates sums of residual errors in sums of channels, is another means by which 
goodness-of-fit is evaluated (O'Connor and Phillips, 1984). This function is 
qualitatively analyzed; a poor fit is indicated by the presence of a discernible pattern 
in the function.
Analysis of fluorescence decay data first involves identification of the most 
appropriate model, such as a triple exponential decay function, that describes the 
data. After the appropriate physical model is identified the validity of the 
determined lifetimes is tested for the phycobilisome data by iteratively fixing one or 
more of the linked lifetimes while allowing the remaining lifetimes to be determined 
by the program. A well-defined lifetime is considered to be one which is 
continually determined in the analysis when other lifetimes are fixed to varied 
values. The C-PC dimer data were analyzed similarly but less rigorously since the 
determined lifetimes were robust. Both the phycobilisome and C-PC decay data 
were additionally analyzed by unlinked analysis of the individual decay curves so 
as to approximate the variance associated with a particular lifetime. In this manner,
the lifetimes between wild-type and mutants were amenable to statistical analysis.
In this case the individual decay curves as a function of emission wavelength were 
fit to a double/triple exponential decay. The resulting lifetimes and preexponential 
factors were reported as an average ± standard deviation for either 6, 8 or 9 
experiments. The differences in lifetimes between the control and mutants were 
tested for statistical significance at the 95 % confidence interval by applying a two- 
sided test of variance and Satterthwaite's theorem (Satterthwaite, 1946) in the 
Minitab™ software program. This exercise was accomplished under the direction 
of Professor Lynn LaMotte, Department of Experimental Statistics. Satterthwaite's 
theorem allows variance calculation between two or more independent measure­
ments and avoids the common assumption that both populations of interest that are 
being compared for significance have the same variance. It is highly likely that the 
variances of two lifetimes are disparate. Therefore, an evaluation of significant 
divergence between two lifetimes can be calculated as the difference between the 
two lifetimes ± tdf where t is obtained from a Student's T test table and df (degrees 
of freedom) is calculated using Satterthwaite's theorem as follows:
df = (si2/ni) + (s22/n2 ) / (((si2/ni) /  dfi) + ((s22/n2) /  df2)) 
where s is the standard deviation for a lifetime and (ni-1) and (n2-l) are the degrees 
of freedom for the independent measurements.
The Decay-Associated emission Spectra (DAS) were calculated by using the 
equation
Ij(k) = I(A,)ai(A,)Tj /  £  ai(A,)Tj 
where Ij(X.) is the corrected steady state emission intensity, aj is the amplitude of 
component i at the specified wavelength and Xj is the lifetime at wavelength i
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(Tilstra et al., 1990). Calculation of the DAS based on a's and x’s allows the 
recovery of individual spectra associated with a particular lifetime and their relative 
contributions to the steady-state emission spectrum.
J. Molecular Mechanics/Dynamics. The x-ray crystal structure of the 
C-phycocyanin trimer from Mastigocladus laminosus has been solved at a 
resolution of 2.1 A (R factor = 21.7 %) and the coordinates were kindly provided 
from Professor Marcus Duerring upon request (Schirmer et al., 1987). The p 
subunit was extracted from the data file for all calculations because the trimeric 
structure contained over 10,000 atoms, making it an unmanageable system for 
molecular mechanics. All mechanics and dynamics calculations were accomplished 
in the program CHARMM (Brooks et al., 1983). The crystal structure coordinates 
for the p subunit were reformatted to create a coordinate file that is readable by 
CHARMM by using the Fortran program "RDO_to_CHARMM.FOR" (Appendix 
C) which was written by Professor Jeff Nelson. The amino acid sequence was 
originally numbered according to the method of Fuglistaller et al., 1984, which 
assigns numerical order on the basis of a helix alignment between the highly 
homologous a  and p subunits. This numbering system was discontinuous, leaving 
gaps between helix units which effectively makes the sequence unreadable by 
CHARMM. The program "pcmlbdel.for" (Appendix C) was applied to 
sequentially number all amino acids.
C-PC contains non-standard monomer units such as NMA and phycocyanobilin 
which were not originally resident in the CHARMM Residue Topology File (RTF). 
The RTF contains all of the information needed to build the residue of interest and 
includes parameters such as atom names and charges, bond angles and dihedrals, 
hydrogen bond donors and acceptors, etc. These structures were built by Dr.
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Nelson by using both the CHARMM parameter file and Schirmer et a l, 1986 as a 
reference for atom information. The p subunit of C-PC was then built in 
CHARMM by using the program "pcmlbld.inp" (Appendix C) which generates a 
"Protein Structure File" (PSF). The PSF is constructed from monomer units 
present in the RTF. This program also "builds" explicit hydrogens onto hetero­
atoms; other hydrogens are considered in an extended-atom representation in which 
the hydrogens are combined with their neighboring carbons. Lastly, the file creates 
a coordinate file which contains information about atomic positions.
The p subunit was routinely minimized prior to manipulation to remove 
unfavorable steric or other conflicts. The typical routine involved 200 iterations of 
Steepest Descent (SD) (Levitt and Nifson, 1969) and Conjugate Gradient (CG) 
minimization with application of the SHAKE algorithm (Ryckaert et al., 1977; van 
Gunsteren and Berendsen, 1977) to fix all bond lengths at a tolerance of lxlO-8 m. 
This was followed by 200 iterations of Adopted Basis Newton Raphson algorithm 
(ABNR) (Brooks et a l, 1983) to finally result in a structure with an RMS (Root 
Mean Square) deviation in the range of 0.1 kcal/A. The nonbonded list was 
updated every 20 steps during this calculation. In these calculations truncation of 
nonbonded interactions was accomplished by the use of a switched potential 
function that effectively "switches" off the potential over a short distance range. 
Truncation of nonbonded interactions was effective in the range of 6.5-1.5 A with a 
cutoff of 8 A.
The amino acids Asp, Asn, Gin, NMG, and Ser were substituted into p-72 by 
using the "Patch" function which allows the adaptation of one amino acid into 
another. All of the various patches were written and appended to the RTF and are 
shown in Appendix C. The replacement was accomplished by execution of the file
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"*patch.inp" (Appendix C) (* is the patch designation: nma=NMA, qnm=NMG, 
ntn=Asn, dts=Ser, ntd=Asp and ntq=Gln) which minimizes the resulting structure 
with 500 iterations of Steepest Descent and Conjugate Gradient followed by 1000 
steps of Adopted Basis Newton Raphson.
Molecular dynamics calculations were accomplished in CHARMM through the 
use of the files, mutdyninp and mutdyncool.inp, as shown in Appendix C. The 
trajectory encompasses a total of 70 psec in vacuo dynamics by using the Verlet 
algorithm (McCammon, 1987) and includes heating, equilibration/production, and 
cooling phases. The heating/pre-equilibration phase consists of 10 psec in which 
the temperature is increased from 0 to 300 K in 30° increments every 100 steps. 
Coordinates and velocities were written to the output file every 50 and 5 steps, 
respectively. The equilibration phase consists of 10 psec at 300 K in which the 
velocities are scaled to the final temperature every 500 steps. The production phase 
then followed for 50 psec in which there should be total energy conservation. 
Energy conservation was monitored by evaluating the fluctuations of total 
energy/kinetic energy whose ratio should be less than 0.01. Coordinates were 
written to the output file every 250 steps. The production phase was quenched to 0 
K at 10 psec intervals by decreasing the temperature by 30° every 100 steps. The 
endpoint conformers were extensively energy minimized by 500 steps SD, 1000 
steps CG and 2000 steps ABNR to result in a final RMS deviation of ~0.02-0.05 
kcal/A.
Analysis of the C-PC p subunit dynamics was based on examination of 
minimized endpoint conformers and time correlation series of the production phase 
in the dynamics trajectoiy. Dihedral angles were monitored during the dynamics 
trajectory by calculation of a time correlation series. The input file for generation of
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correlation series is shown in Appendix C. Initial dynamics studies on C-PC 
indicated that success of the calculation was highly dependent on the chosen 
dielectric constant. Dynamics in a high dielectric medium e=50r to 80r (r=A) 
resulted in the loss of both secondary and tertiary structure at 300 K. This is 
unrealistic as C-PC is routinely purified and manipulated at room temperature. The 
choice of a low dielectric e=2r to 4r (i-A) was found to retain the secondary/tertiary 
structure and results in a general compaction of the protein.
III. Results and Discussion 
A. Characterization of p-72 Mutations. The cpcB72D and cpcB72Q 
site-specific mutants were constructed and characterized by restriction endonuclease 
analysis and DNA sequencing by Jianhui Zhao (Ph.D Thesis). The mutants have 
similar phenotypes in that they both appear more yellowish in color than wild-type 
when grown in culture. The engineered mutants grow at a slower rate than wild- 
type PCC 7002 under identical illumination conditions. Table 4-1 shows the 
results of a single growth experiment in which the control strain (cpcBA/BA) and 
mutants demonstrate an approximate decrease of 40 - 60 % in growth rate. The 
whole cell absorption spectra shown in Figure 4-2 display substantially reduced 
amounts of phycobiliprotein relative to chlorophyll for the mutants. This 
observation is substantiated in the phycobiliproteimchlorophyll which was 
quantitated by the methods of Amon, 1949 and Glazer and Fang, 1973 and is 
shown in Table 4-2. The amount of phycobiliprotein relative to chlorophyll 
decreases by 41 % for the engineered control and mutants. This reduction is due to 
a decrease in phycocyanin levels while the allophycocyanin levels are not affected
Table 4-1. Growth Rate Determination of Various 
Synechococcus sp. PCC 7002 Strains
Cell type Relative Growth Ratea
Agmenellwn quadruplicatwn
PCC 7002 1.06
cpc BA/BA (p72 = NMA) 0.45
p72D 0.60
p72Q 0.50
^Relative growth rate is the mutant rate divided by wild-type rate. Data are 
reported from a single experiment. Cells were grown at 35-37 °C and a 
light intensity of 70-80 nmol photons/m2/sec.
*The doubling time for PCC 7002 was 14.7 h.
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Figure 4-2. Whole-cell absorbance spectra of site-directed mutants. Absorbance spectra 
were of strains 7002 wild-type, cpcBA/BA, B72D and B72Q are normalized at the 
absorbance maxima.
cpc BA/BA
B72D
B72Q
Table 4-2. Quantitation of Phycobiliprotein:Chlorophyll
Cell type Phycobiliprotein: Chlorophyll a
A. quadruplicatum PCC 7002 4.6
cpc BA/BA (p72 = NMA) 2.7
P72D 2.8
P72Q 2.7
Chlorophyll and phycobiliprotein were determined by the methods of Amon, 
1949 and Glazer and Fang, 1973, respectively. Data are reported from a single 
experiment
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since the genetic alterations are in the cpc gene. The decrease in phycocyanin might 
imply that the engineered cpc gene is expressed at a substantially reduced level for 
the control and mutants. Alternatively, the mutant phycocyanin polypeptides could 
be expressed at a similar rate and subsequently suffer degradation at the protein 
level due to inherent instability. Differential degradation of mutant C-PC does not 
seem to be plausible; studies addressing this possibility will be presented in Chapter 
5. The final possibility for the lower observed ratio could be due to a change in the 
molar extinction coefficient for the mutant p subunits caused by a change in 
chromophore environment. This hypothesis was tested and it was found that the 
relative extinction coefficient for the two engineered mutants are nearly identical to 
that for cpcBA/BA (control) (Table 4-3). Therefore, the most credible conclusion 
is that the engineered cpc gene is expressed at a diminished rate. Indeed, deletion 
of the cpcC gene in the engineered constructs causes the phycobilisomes to have 
shortened rods thus containing less phycocyanin.
B. Isoelectric Focusing. Confirmation of p-72 replacement with either 
Asp or Gin was addressed at the protein level by two different methods: isoelectric 
focusing and radiolabel analysis. Isoelectric focusing was accomplished on 
purified C-PC of the wild-type, control and mutants as an additional confirmation 
of p-72 Asp replacement at the protein level. The change from NMA to aspartate 
should decrease the net charge of the protein if the aspartate carboxyl group is 
dissociated. Figure 4-3 and Table 4-4 show the results of isoelectric focusing in 
the presence of urea which denatures the [otp] monomer to its subunit constituents. 
The p subunit containing Asp at p-72 demonstrates a decrease in pi by 0.1 units as 
compared to the control while the corresponding Gin substitution results in no pi 
change as expected. The pi was also calculated from the known amino acid
Table 4-3. Relative Extinction Coefficients of Site-Directed Mutants
Cel) type Amax
(native)
Amax
(bilin)
Relative Extinction 
Coefficient?
cpc BA/BA 
0372 = NMA) 1.60 0.140 ± 0.008 (5) 2.86
p72D 1.69 0.147 ± 0.003 (4) 2.87
p72Q 1.66 0.143 ±0.003 (3) 2.90
aRelative extinction coefficient was determined (n) independent times by 
dividing native absorbance by the bilin absorbance after taking into account 
the 1:4 dilution of the denatured samples.
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Figure 4-3. Isoelectric focusing of purified C-phycocyanin in the presence of 8 M 
urea. A, cpcBAJBA (lane 1), B72D (lane 2), B72Q (lane 3), cpcBAJBA (lane 4), 
7002 wild-type (lane 5) and B,pcm-2 (lanes 1 and 2), Sherman R2 (lanes 3 and 4). 
1.5 pg was loaded per lane and the protein was detected by Coomassie R-250 
staining.
PC-p
PC-a
PC-a
PC-p
Table 4-4. Isoelectric Points of C-Phycocyanin a and p Subunits
Strain Measured pla Calculated
a subunit p subunit a  subunit p subunit
A. quadruplicatum 
PCC 7002 (wild-type) 5.58 ± 0.02 5.63 ± 0.03 5.24 5.36
cpc BA/BA (p72 = NMA)
P72D
P72Q
5.57 ± 0.01
5.57 ± 0.02
5.57 ± 0.01
5.62 ± 0.0 
5.53 ± 0.01
5.62 ± 0.04
5.24 5.36 
5.05
5.36
Synechococcus sp. PCC 7942
wild-type
pcm-2
5.56 ± 0.02 
5.55 ± 0.02
5.37 ± 0.07 
5.35 ± 0.08
apls experimentally determined in the presence of 8M urea. 1.5 pg protein loaded per lane, 
kpls calculated using the program "Isoelectric"(UWGCG).
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sequence by using the "Isoelectric" algorithm contained in the UWGCG software 
package. The algorithm calculates protein net charge in the absence of any 
inductive effects such as dipolar interactions and electrostatic effects. The results of 
this calculation approximate the experimental data although the pi's are uniformly 
decreased by ~ 0.3 units for both the a  and p subunits. Introduction of Asp causes 
a decrease of 0.3 charge units relative to the control. This difference between 
experiment and calculation provides support for the hypothesis that the charged 
carboxylate presumably participates in dipolar interactions in the protein 
environment. The Gin mutant shows no change in p subunit pi by either 
determination method, as expected for a conservative substitution.
C. Radiolabel Analysis of Site-Specific Mutants. An additional 
method by which Asp or Gin introduction can be indirectly examined at the protein 
level is by analysis of tritiated methyl incorporation into C-PC. In this manner N- 
methylation can be monitored radiochemically; pH-methyl] methionine serves as the 
methyl group precursor for NMA and all protein methionines in this experiment 
Amide methylation is detected by the presence of methylamine in acid hydrolyzates 
as described in Chapter 3. The rationale for using this technique is as follows: 
substitution of p-72 NMA with Asp should result in a loss of the stoichiometric 
methylamine peak present in amino acid analysis of C-PC acid hydrolyzates. The 
presence of methylamine in a putative Asp mutant would imply that the mutant has 
reverted to wild-type. Secondly, the presence of radiolabelled methylamine in the 
Gin mutant would suggest that p-72 Gin is methylated. This experiment does not 
distinguish between Gin and NMA at the p-72 site; reversion of the Gin mutant to
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wild-type is not testable by this method. The primary rationale for preparation of 
tritiated B72Q was to examine possible methylation by an unspecified methyl- 
transferase activity.
S-N-Methylglutamine, an N-methylation analogous to NMA, is present in E. 
coli ribosomal protein L3 in stoichiometric quantities at a single site (Lhoest and 
Colson, 1977). A mutant, prmB2, that lacks the methylase activity responsible for 
glutamine methylation, displays a cold-sensitive phenotype and a diminished rate of 
ribosome assembly (Lhoest and Colson, 1981). The ribosomes are fully active 
once assembled, however, suggesting that glutamine methylation affects only the 
assembly process. Prior to this dissertation, glutamine methylation represented the 
sole instance in which Af-methylation of an amino acid could be correlated with an 
identifiable function. The data presented herein suggest that B72Q C-PC is a 
substrate for a yet unspecified methyltransferase activity that methylates 1/3 of the 
possible sites. This activity could be the same methyltransferase that accepts 
asparagine as a substrate. Alternatively, the enzyme could be specific for 
glutamine, which raises the possibility that ribosomal glutamine methylation could 
occur in cyanobacteria as it does in E. coli. The possibility of ribosomal glutamine 
methylation in cyanobacteria was pursued during my sojourn in graduate school, 
however, the project was not completed due to technical difficulties. The isolation 
of 3H-labelled ribosomal proteins was attempted by supplementing the growth 
medium of the methionine auxotroph, Met 1, with [3H-meriry/]methionine. 
Incorporation of radioactivity into isolated ribosomal proteins was found to be poor 
and was attributed to the low protein turnover rates of ribosomal proteins.
Glutamine methylation at the p-72 site of C-PC was measured by radiolabel 
quantitation of methylamine and methionine. The control strain (cpcBA/BA) was
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radiolabelled in parallel with B72Q. There are nine methionines and one NMA per 
[op] monomer in Agmenellum quadruplicatum C-PC (de Lorimier et al., 1984), 
two of the methionines are present at the iV-termini of the a and p subunits 
(Gardner et a l, 1980). It is assumed for this experiment that all methionines have 
incorporated a labelled methyl group. Thus the theoretical methylamine/C-PC [op] 
for c/ jcB A /B A  should be 1.00; the experimentally observed value for two replicate 
experiments is 1.11 ±0.10. Table 4-5 shows the results of radiolabel analysis of 
B72Q in which the average methlyamine/C-PC [op] for four replicate experiments 
is 0.27 ± 0.06, suggesting that ~ 27 % of the available glutamine sites are 
methylated. Hemimethylation at the p-72 site could cause potential problems in the 
photosynthetic and spectroscopic characterization of B72Q; interpretations of 
observed differences between wild-type and B72Q are unlikely to be precise and 
clear. An alternative explanation for methylation at this site could be the reversion 
of B72Q to wild-type. This possibility is not testable by this experiment, but 
would require characterization of a p-72-containing peptide by techniques such as 
mass spectrometry and/or HPLC to distinguish between Asn and Gin. Figure 4-4 
illustrates a typical amino acid analysis chromatogram in which 1 nmol equivalent 
amino acids from B72Q C-PC was injected onto the column. Figure 4-4 also 
shows a histogram of the radiolabel distribution throughout the same chroma­
togram. The radiolabel peak at ~ 60-62 min coelutes with methylamine as detected 
by ninhydrin. A minor peak that is assigned as methionine sulfoxide is also present 
and coelutes with the ninhydrin-detected aspartate peak. This peak is typically 
present representing a few percent of the total methionine and is routinely included 
in the calculation of methionine radioactivity (see Chapter 3). Finally, methionine
I l l
Table 4-5. 3H-Radiolabel Analysis of Engineered C-Phycocyanin
Strain [methylamine]/
C-PC [ap]
cpcBA/BA 1.11 ±0.10 (2)
B72D < 0.05"
B72Q 0.27 ± 0.06 (4)
[methylamine]/C-PC [op] was quantitated by determining the radiochemical ratio of 
methylamine to methionine in acid hydrolyzates of purified phycobiliproteins.
"Below the experimental limit of detection.
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Figure 4-4. Radiolabel analysis of B72Q hydrolyzate. A, Amino acid analysis 
chromatogram of B72Q hydrolyzate in which 1 nmol of amino acids was injected. 
B, Histogram of radiolabel distribution across the amino acid analysis chromato­
gram in the percent of total radiolabel is plotted as a function of elution time.
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elutes at ~ 31 min. These data indicate that isolation and characterization of the 
methyltransferase(s) in cyanobacteria responsible for both asparagine and glutamine 
methylation would be a profitable enterprise and should be pursued in the future by 
another aspiring graduate student.
B72D was labelled in parallel with both cpcBA/BA and B72Q to examine the 
possibility of mutant reversion. This was found not to be the case as is shown in 
Table 4-2; there is no detectable methylamine in the B72D C-PC hydrolysis 
products. There are several other radioactive peaks of interest in the amino acid 
analysis chromatogram, however, which elute at approximately 56-59 and 64-65 
min. The peak with a retention time of 64-65 min coelutes with no ninhydrin- 
detected peaks. The radiolabel peak which elutes at approx. 56-59 min coincides 
with the ninhydrin-detected histidine/lysine peak and might be monomethyllysine. 
The elution times of the standards NG-monomethylarginine (Calbiochem) and e-N- 
methyllysine (Aldrich) were obtained by amino acid analysis in an attempt to 
identify the unknown peaks in the B72D C-PC hydrolyzate. N°- 
monomethylarginine elutes approximately 2 minutes earlier than Arg at 71.0 min 
while e-N-methyllysine and Lys coelute at approx. 55.0 min. Therefore, it is 
plausible that the 56-59 minute radiolabel peak in the B72D analysis is e-N- 
methyllysine, but this has not been confirmed. The radiolabel peak that elutes at 
64-65 min is a matter of conjecture and may be a dimethylarginine derivative. 
Dimethylarginine was not commercially available for testing at the time of this 
experiment It is known, however, that nucleolin which is a highly methylated 
protein, contains 1.3 mol % NG,NG-dimethylarginine and a trace of NG- 
monomethylarginine (Lischwe et al., 1982). The elution order of the arginine 
derivatives in nucleolin hydrolysates was NG,NG-dimethylarginine, NG-mono-
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NG,NG-dimethylarginine does not coelute with the his/lys peak. Therefore, the 
hypothesis that the 64.0 min peak in C-PC analysis is NG,NG-dimethylarginine is 
based on the nucleolin analysis. Radiolabel quantitation of the putative NG,NG- 
methylarginine peak demonstrates an arginine/methionine of 0 .0 2 2  and 0.008 for 
cpcBA/BA and R72D, respectively. There are 19 Args per C-PC [ap], therefore, 
these data suggest that approximately 0.5 and 0.2 % of the Args are dimethylated in 
cpcBA/BA and B72D, respectively. Quantitation of the putative methyllysine peak 
at 56-59 min retention time suggests that approximately 1.7 % of B72D lysines are 
methylated; the lysine/methionine ratio is 0.0244. The supposition that arginine 
and lysine methylation exists in C-PC is intriguing and deserves a thorough 
analysis in the future in which the methylated residues are identified in the C-PC 
sequence.
D. Characterization of Site-Directed M utants by Oxygen
Evolution. Relative rates of Photosystem II electron transfer were measured 
in whole cells to examine possible effects of p-72 substititution on photosynthetic 
capabilities. It was initially expected that the introduction of Asp or Gin would 
have an effect on oxygen evolution capabilities comparable to the methylase-minus 
mutants previously studied. This hypothesis was based on the observed 10-20 % 
decrease in the observed fluorescence emission quantum yields of the site-directed 
mutant proteins (spectra presented in this chapter). The data presented in this 
section indicate that p-72 replacement by either Asp or Gin causes an approximate 
10 % decrease in photosynthetic capabilities of whole cells. However, this 
difference is not enhanced in the presence of phycobilisome-specific 598 nm light. 
In the presence of blue light (control) the mutants are both indistinguishable from
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wild-type. It is possible that the proposed hemimethylation of the Gin mutant 
causes confusion in the observed photosynthetic characteristics.
White Light. The oxygen evolving activity of whole cells containing either 
NMA, Asp or Gin at the p-72 site in phycobiliproteins was monitored using 1 mM 
DCBQ as an artificial electron acceptor. Light saturation curves were obtained in 
white light in the intensity range of 25-32(X) pmol photons/m2/sec. The results 
suggest a decreased trend of oxygen-evolving activity at low light (pmol 
photons/m2/sec) when NMA is replaced with either Asp or Gin. At low light 
intensity B72D and B72Q demonstrate rates of 92 % and 8 8  %, respectively, of the 
NMA-containing strain as reported in Table 4-6. At high light intensity the 
differences are less pronounced and this is evident by their similar m axim um  
observed velocities as reported for a single representative experiment (591,571 
and 585 pmol OjJvag chl/h for cpcBA/BA, B72D and B72Q, respectively). These 
results are consonant with those observed for the methyltransferase mutants and the 
interpretation is the same. That is, under high light conditions processes other than 
light-harvesting become rate-limiting. Kinetic analysis of these data indicate that 
cpcBA/BA (p72 = NMA) exhibits a lower S0.5 than the mutant strains (Table 4-7).
Orange Light. Oxygen evolution was measured under conditions in which 
the phycobilisomes were selectively illuminated at 598 nm. Light saturation curves 
were obtained over a range o f0-1600 pmol photons/m2/sec. Oxygen-evolving 
activities measured under these conditions are indistinguishable from the data 
collected in white light These results contrast with those from the methyl­
transferase mutants in which a more profound difference is observed between wild- 
type and mutants in the presence of orange light The relative quantum yields of 
oxygen evolution at low light (0-100 pmol photons/m2/sec) for B72D and B72Q
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Table 4-6. Relative Quantum Yields of Oxygen Evolution
Experimental
Conditions
cpc BA/BA 
(372 = NMA)
p72D p72Q
White Light, DCBQ 1 .0 0.92a ± 0.07 (5) 0.88a ± 0.05 (5)
Orange Light, DCBQ 1 .0 0.89a ± 0.02 (3) 0.92« ± 0.03 (2)
Blue Light, DMBQ 1 .0 1.01* ±0.08 (3) 0.96* ± 0.03 (3)
Relative quantum yields at low light intensities were calculated by linear 
regression analysis. Datasets are reported as an average ± standard deviation 
with the number of trials, N, in parentheses.
^Significantly different from cpc BA/BA at the 95% confidence interval 
(P < 0.05).
*Not significantly different from cpc BA/BA at the 95% confidence interval 
(P < 0.05).
Table 4-7. Kinetic Parameters of Oxygen Evolution
Experimental
Conditions
So.5
(pmol photons/m2/s)
Vnac
(pmol Q^mg chl/hr)
White Light
cpc BA/BA (P72 = NMA) 673 ± 51 734 ±22
cpc P72D 802 ±81 749 ± 32
cpc P72Q 781 ± 80 772 ± 33
Orange Light
cpc BA/BA (P72 = NMA) 664 ±51 545 ± 20
cpc P72D 865 ± 93 520 ±29
cpc P72Q 808 ± 55 519 ± 18
Steady state rates of oxygen evolution in the presence of DCBQ were measured 
using a Clark-type electrode. Data are reported from a single experiment ± 
standard errors for the fitted parameters.
119
are 89 and 92 %, respectively, as compared to cpc BA/BA (Table 4-6). The 
observed kinetic parameters for each strain in orange light are similar to those in 
white light (Table 4-7). The maximum observed velocities are 383 ± 16.3, 342 ± 
9.2 and 347 ± 8.4 pmol O^mg chl/h for cpcBAJBA, B72D and B72Q, respec­
tively. Thus the Gin mutant displays a smaller difference relative to wild-type in 
the presence of orange light as contrasted to white light. One possible interpretation 
of these orange light data is that the mutants contain less chlorophyll light 
harvesting antennae associated with PS II than the control strain. It is likely that 
these data are complicated by heterogeneity at the p-72 Gin site as indicated by the 
radiolabel experiments. Hemi-methylation of p-72 Gin in the phycobilisomes 
probably creates ambiguous oxygen evolution data. The possible reasons for the 
lack of a more significant difference in orange light as observed for the Asp mutant 
are presently a matter of contention.
Blue Light. Chlorophyll a in both photosystems was preferentially 
illuminated to provide a control because selective illumination of the chlorophyll 
light-harvesting antennae should yield no difference in oxygen-evolving capability. 
The relative quantum yields of oxygen evolution at low light for B72D and B72Q 
relative to cpc BA/BA are 101 and 96 %, respectively. The observed maximal rates 
in blue light were 62.4 ± 0.4, 68.1 ± 2.2 and 65.3 ± 4.6 for cpcBA/BA, B72D and 
B72Q, respectively. The depressed quantum yields in blue light for B72Q are 
unexpected but are small.
E. Characterization of Wild-type and M utant C-Phycocyanins. 
Characterization of the methyltransferase mutants unequivocally demonstrates that 
asparagine methylation improves photosynthetic capabilities of cells containing the 
modification under conditions in which the phycobilisomes are illuminated.
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Swanson and Glazer, 1990 reported spectroscopic differences of 15% in the 
fluorescence quantum yields of phycobilisomes isolated from wild-type versus the 
mutants. Therefore, it is concluded that asparagine methylation improves the light- 
harvesting efficiency of phycobilisomes. It was my goal to spectroscopically 
characterize the B72D and B72Q mutants in both isolated phycobiliproteins and 
their corresponding phycobilisomes in order to substantiate the hypothesis of 
improved energy transfer in the presence of NMA. The effects of p-72 substitution 
on the spectroscopic characteristics of purified C-PC in its dimeric form was first 
examined. C-PC from wild-type PCC 7002, cpcBA/BA (control) and the mutants 
was purified to homogeneity as defined by SDS-PAGE (Figure 4-5) and the 
spectroscopic 620/650. The effects of NMA substitution with Asp or Gin are 
revealed in the difference spectra as shown in Figure 4-6. These spectra were 
obtained by subtraction of normalized absorption spectra of mutant C-PC from the 
control. The presence of NMA at p-72 appears to increase the intensity of a ground 
to excited-state transition on the red side of the C-PC absorption envelope. 
Therefore, the ground state of the p-84 fluorescing chromophore is perturbed by 
NMA replacement. These data are congruent with those of Swanson and Glazer, 
1990 in which the absorption spectra of two methyltransferase mutants (p-72 = 
Asn) demonstrate a small blue shift in the absorption spectra as compared to wild- 
type (p-72 = NMA). The substitution of NMA with Asp or Gin causes a repro­
ducible blue shift of 7 and 3 run, respectively, in the Xmax as summarized in Table 
4-8. NMA at p-72 obviously alters the absorption characteristics of the p-84 
chromophore ground state. The fluorescence spectra of the Asp and Gin mutants 
demonstrate that a negligible blue shift and a decrease in emission quantum yield of 
22 and 8 %, respectively, occurs upon NMA replacement (Figure 4-7). These data
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Figure 4-5. 12 % SDS-PAGE of purified C-phycocyanin. B72Q (lane 1), B72D 
(lane 2), cpcBA/BA (lane 3), 7002 wild-type (lanes 4 and 5) and molecular weight 
markers. Approx. 6 pg were loaded per lane and the protein was detected by 
Coomassie R-250.
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Figure 4-6. Difference absorption spectra of purified C-Phycocyanin. All 
spectra were normalized at Xmax and the differences were obtained by 
subtraction of the spectrum of interest from cpc BA/BA.
Table 4-8. Spectroscopic Characterization of Phycobiliproteins 
and Phycobilisomes
Strain Amax (nm) ^max (nm)
7002 (wild-type)
phycobilisomes 630 659 1.05
C-phycocyanin 624 644 1.02
cpc BA/BA (control)
phycobilisomes 635 671 1.0
C-phycocyanin 624 644 1.0
cpc B72D
phycobilisomes 631 666 0.86
C-phycocyanin 617 642 0.78
cpc B72Q
phycobilisomes 632 667 0.96
C-phycocyanin 620 644 0.92
Absorbance spectra were acquired from 800-300 nm in 0.75 M NaKP(>4 
(pH 7) for phycobilisomes and in 20 raM NaPC>4 (pH 7) for C-phycocyanin. 
Fluorescence emission spectra were acquired from 600-800 nm with excitation 
at 580 nm. All samples were adjusted to an absorbance of 0.1-0.2 at the 
excitation wavelength.
^Fluorescence quantum yields are normalized to the control strain (cpcBA/BA).
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Figure 4-7. Corrected fluorescence emission spectra of purified C-phycocyanin. 
7002 wild-type is represented by a solid line, cpc BA/BA is a dotted line, B72D is 
shown as blackened circles and B72Q is shown with open circles. All samples 
were matched at an absorbance of 0.05 at 580 nm. Spectra were acquired by 
scanning emission from 600-700 nm with excitation at 580 nm. All spectra were 
corrected for wavelength-dependent instrument response.
126
are consistent with less efficient energy transfer through the C-PC dimer and could 
involve either s to/transfer steps, emission from the/chromophore or both. A 
superimposition of the absorbance and fluorescence emission spectra is shown in 
Figure 4-8 for the control. This spectrum illustrates the lack of mirror symmetry 
that is characteristic of phycobiliproteins (Switalskd and Sauer, 1984; Zickendraht- 
Wendelstradt et al., 1980). The asymmetry is attributed to the s chromophores that 
are active in absorption but not in emission due to subsequent energy transfer to the 
/chromophore. These results indicate that NMA replacement in C-PC alters both 
the ground and excited states of the p-84 fluorescing chromophore.
F. W ild-type and M utant Phycobilisome Characterization. The 
effects of NMA substitution on the spectroscopic properties of higher aggregates 
such as phycobilisomes were examined. Phycobilisomes were isolated on 0.2 -
1.0 M sucrose gradients in which the wild-type, control, Asp and Gin mutants 
banded in the regions of 0.8 M, 0.6 M, 0.6 M and 0.6 M, respectively. Banding 
of wild-type phycobilisomes in 0.8 M sucrose is a direct consequence of the 
presence of the 33 kDa linker polypeptide. This polypeptide is the protein product 
of the cpc C gene whose 5' coding region is truncated in the genetic constructs and 
functions to attach disks of the phycobilisome rod. The engineered control and 
mutant phycobilisomes are devoid of this linker and thus contain one disk per rod 
which explains their greater penetration into the sucrose gradient. The absence of 
the 33 kDa linker is illustrated in the SDS-PAGE of purified phycobilisomes from 
the various strains (Figure 4-9).
The effect of substitutions at the p-72 site on the spectroscopic properties of 
phycobilisomes was examined by both absorbance and steady-state fluorescence 
emission. The phycobilisome absorbance and fluorescence emission spectrum
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Figure 4-8. Absorbance and fluorescence emission spectra of cpc BA/BA C- 
phycocyanin. The absorbance spectrum was acquired from 800-300 nm in 0.5 
increments, the fluorescence spectrum was acquired as in Figure 4-7.
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Figure 4-9. SDS-PAGE (10-15 % linear gradient) of purified phycobilisomes. 
7002 wild-type (lane 1), cpcBA/BA (lane 2), B72D (lane 3) and B72Q (lane 4). 
100 ng protein was loaded per lane and the proteins were stained with Coomassie 
R-250.
1 2 9
extensively overlap as shown for cpc BA/BA in Figure 4-10. The phycobilisomes 
that contained the Asp and Gin mutations at p-72 exhibited small blue shifts in A max 
of 4 and 2 nm, respectively, relative to the control that are consistent with the shifts 
observed for C-PC from the corresponding strains (Table 4-8), The emission 
maxima for the control and mutant strains are in the range of 666-671 nm and are 
attributed to fluorescence emanating from the terminal emitters of the phyco­
bilisome. Emitters in Synechococcus PCC 6301 phycobilisomes include allo- 
phycocyanin (APC), allophycocyanin-B (APC-B) and the high molecular weight 
chromophore-containing linker polypeptides that interact with the core phyco- 
biliproteins. The emission maxima of these species depend on their aggregation 
state and are typically around 660 nm for APC trimers, 662 nm for an APC-linker 
complex and 678 nm for APC-B-linker complexes. These core complexes are 
responsible for direct energy transfer to Photosystem II in the thylakoid membrane. 
A mutation in the C-PC rod components is, therefore, not expected to cause a 
significant change in the maximal observed fluorescence. The replacement of NMA 
in C-PC does result in diminished fluorescence emission quantum yields in 
phycobilisomes, however, indicating that the rod components absorb and transfer 
excitation energy less efficiently to the terminal acceptors in the core (Table 4-8). 
Figure 4-11 shows a comparison of corrected fluorescence emission spectra for the 
various wild-type and mutant phycobilisomes in which all samples were matched at 
0.2 AU. at the excitation wavelength of 580 nm. Interestingly, the Asp mutant 
demonstrates a quantum yield that is 14 % decreased from the control which is in 
agreement with our previous oxygen evolution studies of the methyltransferase 
mutants. The differences in relative quantum yields for the phycobilisomes is
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Figure 4-10. Phycobilisome absorbance and fluorescence emission spectra of cpc 
BA/BA. The absorbance spectrum was acquired from 800-300 nm in 0.5 nm 
increments, the fluorescence spectrum was acquired as in Figure 4-7.
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Figure 4-11. Corrected fluorescence emission spectra of purified phycobilisomes. 
The spectra are shown as follows: cpc BA/BA (solid line), B72D (blackened 
circles) and B72Q (hollow circles). All samples were matched at an absorbance of 
0.2 AU. at the excitation wavelength of 580 nm. Emission was scanned from 600- 
800 nm at a rate of 5 sec/nm. All spectra were corrected for buffer absorbance and 
instrument response.
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different by 6 % for B72Q. The phycobilisome quantum yields are generally 
higher than the corresponding yield in the phycobiliprotein that is isolated devoid of 
linkers. This is expected as the linker polypeptides are known to interact with the 
P-84 chromophore in the native phycobilisome. The linker polypeptides are 
thought to increase bilin rigidity which effectively minimizes potential pathways of 
deexcitation in the chromophore; conformational flexibility seems to provide the 
most efficient avenue for nonradiative decay (Glazer, 1985; 1989).
All isolated phycobilisomes are intact with the exception of wild-type as judged 
by their maximal fluorescence emission. The Asp and Gin mutants display slightly 
blue-shifted A-max's relative to the control, however, it is believed that the 
phycobilisomes are intact because intentional dissociation by dilution into low salt 
buffer causes the appearance of a prominent blue shoulder whose Xmax is ~ 650 
nm. Intact phycobilisomes display fluorescence emission maxima between 670 and 
680 nm independent of excitation wavelength (Glazer, 1988). The maximum shifts 
blue to ~ 650 nm upon dissociation, which is indicative of fluorescence radiating 
from C-PC.
The Asp and Gin mutants displayed a prominent blue band in the 0.2 M sucrose 
region whose intensity varied among preparations. This blue band consists of 
dissociated phycobilisome rods due to the blue - shifted Fmax at ~ 650 nm. This 
Fmax coincided with that of phycobilisomes which were incubated in low 
phosphate to intentionally cause phycobilisome dissociation. This dissociation 
involves loss of rod-to-core transfer caused by rod dissociation. One might infer 
from these results that NMA improves the stability of rod linker polypeptide to 
APC core interactions that maintain a functional phycobilisome. The alternative 
possibility for dissociation would be the more extensive destruction of the rods into
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fragments of C-PC in various aggregation states. This is not the case because the 
Xmax of C-PC dimers for the Asp and Gin mutants are blue-shifted at 642 and 644 
nm, respectively.
It was necessary to prepare phycobilisomes at the highest possible concen­
tration as it was determined through the course of these experiments that the 
mutants undergo concentration-dependent degradation at A580 <0.10-0.15. This 
restriction was unfortunate due to possible interference from the inner filter effect 
for the ensuing fluorescence experiments at these higher absorbances. It is usually 
optimal to maintain a sample absorbance of 0.05 at the excitation wavelength. A 
low absorbance prevents reabsorption effects by the chromophores leading to a 
nonlinear fluorescence response at elevated protein concentration. Concentration- 
dependent degradation was particularly pronounced for the Asp mutant, which 
displays a pronounced blue shoulder on the emission band at low absorbance and 
demonstrates a 4 nm blue shift between samples prepared at Aexc of 0.1 and 0.2. 
B72D phycobilisomes prepared to have an absorbance of 0.05 at the excitation 
wavelength yielded a Fmax of 658 nm. The Gin mutant displayed a 2 nm difference 
in Fmax for samples at absorbances of 0.1 and 0.2 and displayed a blue shoulder at 
an absorbance of 0.1. These results suggest that the mutants display diminished 
phycobilisome stability which deserves additional study.
The mutations lead to differences in the Stokes' shift (Table 4-8), which is the 
difference in wavelength between the absorption and emission maxima. The 
Stokes' shift arises due to energy losses during the excited state lifetime caused by 
vibrational dissipation or redistribution of solvent molecules. This leads to the 
interesting possibility that the p-72 site affects solvent accessibility of the nearby 
chromophore. The prospect of alterations in solvent accessibility caused by NMA
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replacement deserves attention in the future (Duerring et al., 1988). These 
concepts can be addressed by both fluorescence quenching studies and molecular 
dynamics calculations.
G. Time-Resolved Fluorescence Studies of Site-Directed 
Mutants. It has been demonstrated that NMA substitution affects photosynthetic 
capabilities and the characteristics of both ground state and excited states of the p-84 
chromophore. NMA replacement with either Asp or Gin reduces steady-state 
oxygen evolution by ~ 10 % upon phycobilisome-specific illumination. The corres­
ponding mutants also display decreases in the relative quantum yield of 
fluorescence that range from 4-22 %. These results concur with those describing 
the methylase mutants (Thomas et al., 1993; Swanson and Glazer, 1990). 
Therefore, one role of NMA might be to "tune" the spectroscopic properties of the 
P-84 chromophore by improving overall energy transfer efficiency through the 
phycobilisome. The role of NMA in optimizing light-harvesting has recently been a 
matter of conjecture but lacks experimental evidence. I now present data that 
unequivocally implicates NMA as a significant contributor in the optimization of 
phycobilisome energy transfer properties. This work yields yet more evidence that 
a function can be positively attributed to a post-translational methylation. In this 
section I demonstrate through the use of time-resolved fluorescence methods that 
NMA improves energy transfer efficiency of both isolated C-PC and the larger 
phycobilisome aggregates by either directly affecting the energy transfer rate or by 
decreasing alternate non-radiative pathways of de-excitation.
Fluorescence is a widely used technique for the study of protein structure and 
dynamics. This technique is highly sensitive because relevant processes such as 
protonation/deprotonation, conformational changes and ligand binding typically
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occur on a time scale comparable to fluorescence (Cantor and Schimmel, 1980). 
Fluorescence occurs on a time scale of 10'8 sec and is an emission process that 
results from the return of an excited state singlet to the ground state. Figure 4-12 
shows a Jablonski diagram which illustrates the relationship between light 
absorption and emission. Light absorption occurs on a time scale of 10'15 sec and 
results in promotion of the fluorophore into electronically excited states. Following 
absorption the excited state energy is rapidly dissipated (~10-13 sec) by the process 
of internal conversion and vibrational relaxation to the lowest level of the first 
electronically excited state (Si). It is from this point that several processes can 
occur to dissipate excess energy. De-excitation can occur by radiative decay, which 
is described by the rate constant, kf, to produce fluorescence. The excitation 
energy can alternatively dissipate by a myriad of non-radiative processes with a 
collective rate constant, km-. Examples of non-radiative decay processes include 
resonance energy transfer, kret; intersystem crossing, k i s c ;  solute quenching, k q [ Q ]  
where [Qj is the concentration of quencher and photochemical excited state 
reactions, kpc. Chromophores that typically display fluorescence include species 
that contain conjugated double bond systems; examples of which include tryp­
tophan, tyrosine and the bilin chromophores in phycobiliproteins. Therefore, the 
observed yield of fluorescence in the presence of the possible competing processes 
is described by the fluorescence emission quantum yield as follows:
<i>f = kr /[k r + kic + kigC+ 1cq(Q)+ krei + etc.] 
where kjCt kisc> k q ( Q )  and kret are the nonradiative rate constants for internal 
conversion, intersystem crossing, quenching or resonance energy transfer, 
respectively. Likewise, the fluorescence lifetime is defined as
X =  l / ( k r +  knr)
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Figure 4-12. Jablonski diagram. Jablonski diagram shows the absorption of photons 
from the So ground states to the Si and S2  excited singlet states. Dissipation of 
excitation energy can occur by several means such as fluorescence or by a host of non- 
radiative pathways (see text). (Adapted from Eftink, 1991).
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It has been shown experimentally that the relative molar extinction coefficient 
of C-PC does not change as a result of change in amino acid identity at the p-72 
position. The molar extinction coefficient is known to be proportional to the 
Einstein coefficient, B, which quantitates absorption probability. Under conditions 
of spontaneous emission in which fluorescence is the sole process occuring after 
absorbance, the rate of emission, A, is proportional to B by the following equation:
A = 8 rchv3c'3B
where h is Planck's constant, v is frequency and c is the speed of light. It can 
further be shown that the radiative lifetime, xT, is inversely proportional to A. 
Therefore, kr, the radiative rate constant of fluorescence, is directly related to the 
molar extinction coefficient The data in Table 4-3 in which the relative extinction 
coefficients are identical for control and mutants strongly suggest that kr is identical 
within 4 % for the p-72 site. It has additionally been shown that p-72 replacement 
confers decreased fluorescence quantum yields upon both C-PC and phycobili­
somes. Assuming that kr is unaffected, an increase in L km- must occur in the 
mutants to effect an overall decrease in quantum yield.
The data presented in this chapter show that NMA replacement affects both the 
ground and excited state of the p-84 chromophore; the mutations effectively 
decrease energy transfer efficiency by depopulating the excited state of the chromo­
phore by alternate means. It was my goal to further prove the hypothesis of less 
efficient energy transfer by the use of time-resolved fluorescence techniques.
Based on the observed quantum yield differences, the p-72 substitutions are 
expected to cause alterations in lifetimes because both the lifetimes and quantum 
yields depend on competition between radiative emission by fluorescence and 
processes that deactivate the excited state by non-radiative pathways. In fact, a
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linear relationship should exist between quantum yield and average lifetime when 
the radiative rate constants of each species are indistinguishable (Harris and 
Hudson, 1990). Lifetime calculation involves the measurement of the exponential 
fluorescence decay of a substance following an infinitely brief excitation pulse.
The fluorescence intensity, I, decays exponentially with time, t, according to the 
equation
I (t) =  Io e-t/tF
In the event that there is more than one excited state that emits with a characteristic 
lifetime the decay becomes multiexponential according to the equation
I(t) = I0 S a i e(-t/ 'ci) 
where a/, the preexponential factor, is a parameter that describes the fractional 
contribution of the ith experiment to the total fluorescence decay and X/ is the 
lifetime associated with this term.
Lifetimes were determined for both intact phycobilisomes and intact C-PC in 
the dimeric state. Time-resolved fluorescence decays were obtained by uniform 
excitation at 580 nm for C-PC and phycobilisomes, while emission was monitored 
across the respective emission bands. Analysis of the decay data first involved 
identification of the most appropriate physical model. A triple exponential function 
was found to best describe the data in almost every case. Figure 4-13 shows the fit 
of a single B72D dataset to both a double and triple exponential; it is obvious based 
on the pattern of the autocorrelation function that the data are best fitted to a triple 
exponential decay. The "Globals Unlimited" analysis program was used in two 
different manners to deconvolve the fluorescence decays. Each dataset across the 
emission band was deconvolved both individually and linked to other decays for
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Figure 4-13. Fluorescence decays of B72D C-phycocyanin. The excitation and 
emission wavelengths were 580 and 650 nm, respectively. The leftmost curve is 
the lamp refence decay. Datapoints are the sample decay and the continuous line 
through the points represents the best-fit to the following: A, double-exponential
function where Xj = 1.22 nsec, x2 = 0.40 nsec, ai = 4.56, a2 = 1.49, Q = -0.34
and x2 = 2.71. B, triple-exponential function where Xj = 1.28 nsec, x2 = 0.62
nsec, X3 = 0.09 nsec, ai = 3.76, <*2 = 2.26, 0 3  = -0.70, Q = -1.03 and x2 = 1-05. 
Autocorrelation function of the residual errors (inset) and the weighted residual 
errors are also shown. Time resolution was 7.33 psec/channel.
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the same sample. The individual data files at each emission wavelength were fit to 
a triple exponential decay function to obtain average lifetimes ± standard deviations. 
These data for the C-PC dimer and phycobilisomes are shown in Tables 4-9 and 4- 
10. The %2  values were near unity in most cases, indicating a reasonable fit which 
is surprising considering the difficulty of resolving three closely spaced lifetimes. 
The standard deviations were typically less than 5% of the observed lifetime. X3 
was not well determined, however, which is reflected by its large relative standard 
deviations. Differences in lifetimes caused by p-72 replacement were evaluated by 
using the average of the unlinked discrete data. This method of analysis allows an 
evaluation of differences between control and mutant lifetimes after consideration of 
experimental error. Variance calculations were accomplished to establish statistical 
significance of differences between control and mutant lifetimes. Indications of 
significant differences between control and mutants at the 95 % confidence interval 
are listed in Tables 4-9 and 4-10. This approach is necessary to prove that the 
small observed differences in control and mutants are not due to random 
experimental error. Introduction of Asp and Gin into the p-72 site causes a 10 and 
7 % decrease for the C-PC dimer, respectively, in Ti and an 11 and 12 % decrease, 
respectively, in xj- Likewise, analysis of the phycobilisome data reveals a 
decrease in t i  of 4 % for B72D and decreases in %2 of 37 and 42 % for B72D and 
B72Q, respectively. The differences in X3 for either C-PC or phycobilisomes were 
not considered to be significant due to the difficulty in parameter determination by 
either the linked Global or discrete analysis. These data are consistent with those 
obtained by steady-state and indicate that substitution of NMA increases 
nonradiative decay processes that depopulate the p-84 chromophore excited state 
other than resonance energy transfer.
Table 4-9. Analysis of Dimeric C-Phycocyanin Fluorescence Lifetimes
Strain X\  (ns) T2  (ns) x j  (ns) %2
Unlinked Analysis
7002 1.40 ±0.02 0.75 ±0.05 0.08 ± 0.01 1.03 ±0.09 (8)
cpcBAJBA 1.43 ±0.06 0.78 ±0.11 0.05 ± 0.04 1.20 ±0.27 (8)
B72D 1.29a ± 0.01 0.62a ±0.02 0.07 ±0.04 1.03 ±0.03 (9)
B72Q 1.33a ± 0.02 0.66a ±0.02 0.07 ± 0.03 1.06 ±0.05 (9)
(table con'd)
Strain Tl (ns) T2 (ns) T3 (ns)
Linked Global Analysis
7002 1.39 0.76 0.07 1.06
cpcBA/BA 1.39 0.75 0.07 1.07
B72D 1.28 0.62 0.09 1.04
B72Q 1.34 0.67 0.08 1.07
Fluorescent lifetimes were determined by both an unlinked and linked Global analysis. Unlinked lifetime analysis of 
the decay curves are reported as an average ± standard deviation for n datasets in parentheses. These data were analyzed 
by simultaneous Global analysis in which the lifetimes were constrained to be the same for all emission wavelengths.
^Significantly different from cpc BA/BA at the 95% confidence interval (P < 0.05).
Table 4-10. Analysis of Phycobilisome Fluorescence Lifetimes
Strain t i  (ns) 1 2  (ns) 1 3  (ns) X2
Unlinked Analysis
cpcBA/BA 1.86 ± 0.02 0.86 ± 0.37 0.003 ± 0 1.46 ± 0.38 (9)
B72D 1.78a ± 0.07 0.54^ + 0.24 0.01 ± 0.02 1.98 ±0.75 (9)
B72Q 1.82 ± 0.02 0.49a ± 0.30 0.07 ± 0.08 1.73 ± 0.42 (9)
Sherman R2 1.97 ± 0.08 1.17 ±0.06 0.08 ± 0.06 1.14 ± 0.07 (9)
pcm-2 1.97 ± 0.07 1.20 ± 0.41 0.11 ±0.06 1.09 ± 0.06 (9)
(table con'd)
Strain xi (ns) X2 (ns) T3 (ns)
Linked Global Analysis
cpcBA/BA 1.96 0.69 0.02 1.59
B72D 1.86 1.05 0.09 1.59
B72Q 1.84 0.91 0.08 1.55
Sherman R2 1.91 1.04 0.09 1.11
pan- 2 1.94 1.08 0.09 1.11
Fluorescent lifetimes were determined by both an unlinked and linked Global analysis. Unlinked lifetime analysis 
of the decay curves are reported as an average ± standard deviation for n datasets in parentheses. These data 
were analyzed by simultaneous Global analysis in which the lifetimes were constrained to be the same for all 
emission wavelengths.
Significantly different from cpc BA/BA at the 95% confidence interval (P < 0.05).
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The fluorescence decay data were examined by simultaneous global analysis of 
the fluorescence decay curves in which the lifetimes were constrained to be the 
same for all emission wavelengths. This calculation method is advantageous 
because it solves for desired parameters over a larger dataset thus resulting in 
improved model testing sensitivity and accurate parameter determination. Tables 4- 
9 and 4-10 present the results of a global analysis for the emission dependent data. 
Global analysis yields lifetimes and goodness-of-fit parameters that are comparable 
to those derived from the unlinked datasets for the C-PC dimer. Thus a global 
analysis of lifetimes across the emission band adequately describes the emission 
characteristics. The introduction of either Asp or Gin into the p-72 site decreases 
the observed lifetimes, which is consistent with an increase in non-radiative rate 
processes.
The observed effects on lifetimes when NMA is replaced clearly reflect altered 
photophysics of the p-84 chromophore. These results for C-PC and intact phyco­
bilisomes are consistent with observed differences between control and mutant 
relative fluorescence quantum yields and further substantiate the hypothesis that 
NMA decreases nonradiative decay processes. The photophysics of phycobili- 
proteins and phycobilisomes are extremely complex but three lifetimes are usually 
discemable from the experimental data. While phycobiliproteins and phycobili­
somes reproducibly fit to a triple exponential decay the underlying complexity of 
the transfer process is considerably greater than reflected by their exceptional fit 
(Glazer, 1985). C-PC and the phycobilisomes contain numerous chromophores 
that effectively act in concert to transfer excitation energy via Forster energy 
transfer. Intact phycobilisomes contain up to 800 chromophores. Each of these 
chromophores has the potential to exist in a variety of conformations although the
range of variability is decreased due to their restriction by the local protein 
environment. Holzwarth et al. (1983a; 1983b) have demonstrated with model bilin 
chromophore systems and with phycocyanin 645 from Chroomonas sp. that 
multiple bilin chromophores give rise to complex decay kinetics. The reproducible 
and excellent fits to a triple exponential decay indicate that there are likely to be 
three spectroscopically distinguishable chromophores whose environments in 
phycobiliproteins and phycobilisomes are not highly variable. This is consistent 
with the design of light-harvesting antennae which are optimized for efficient light 
energy transfer. It is known that high fluorescence quantum yields are conferred 
upon bilin chromophores by the presence of a protein scaffold which restricts 
conformational flexibility. This restriction increases the likelihood that processes 
leading to efficient non-radiative relaxation such as excited state proton transfer 
reactions, intersystem crossing or photoisomerization are minimized. Based on this 
evidence, it is not surprising that the fluorescence decays nicely fit to triple expo­
nentials. It is plausible that NMA optimizes orientation between donor and acceptor 
transition dipoles, thereby, maximizing energy transfer.
The effects of NMA substitution were interpreted in the context of previous 
assignments in the literature. The individual lifetimes were not assigned to discrete 
transfer processes for the C-PC and phycobilisome data as this method of inter­
pretation is dubious due to the exten t of required assumptions. Lifetime compon­
ents of phycobilisomes and phycobiliproteins have previously been assigned to 
specific rate processes by the method of selective excitation as has been 
demonstrated in numerous experiments (Yamazaki et al., 1984; Wendler et al., 
1984; Suter et al., 1984; Holzwarth et al., 1982). There seems to be little 
consensus for lifetime assignment to various processes in phycobiliproteins.
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However, there are a few trends in the literature that are used in the interpretation of 
these experiments and they are as follows: 1. the longest lifetime in a given light- 
harvesting system is usually attributed to fluorescence emanating from the terminal 
emitters; 2. there is much disagreement in assignment of the two shorter lifetimes 
but they can be classified as encompassing a conglomeration of energy transfer 
processes in the antenna system.
Fluorescence studies are typically used to obtain insight into molecular 
structure and dynamics by enabling the assignment of fluorophores to a specific 
lifetime. Most of the successful attempts to resolve fluorescence decays of proteins 
have exploited the differences in decay times as probed by selective excitation/ 
emission or by quencher accessibility of the fluorophore (Eftink, 1991). A lengthy 
study utilizing selective excitation was not accomplished due to the perceived 
dubious validity of lifetime assignments. Selective excitation is difficult in 
phycobilisomes since both the absorbance and fluorescence emission spectra 
extensively coincide with each other. The only phycobiliprotein that can be 
selectively excited is phycoerythrin, whose emission maximum is 576 nm and 
contains no contributions from other biliproteins (Glazer, 1985). All my 
experiments were accomplished by excitation at a single excitation wavelength of 
580 nm which either directly or indirectly excites all chromophores. Fluorescence 
was monitored across the entire emission band. The resolution of time-resolved 
components as a function of emission wavelength in these experiments is accom­
plished by fitting to an impulse decay function to yield a Decay Associated 
Spectrum (DAS) (Knutson et al., 1983). In this method the normalized steady state 
emission spectrum is combined with the lifetimes and preexponential factors in the 
global analysis to yield a graphical representation of the relative contribution of each
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lifetime component at a specified wavelength. The DAS have been calculated for 
the various phycobilisome/C-PC data and provide assistance in the interpretation of 
observed differences as a result of NMA replacement
The relevance of the observed lifetime differences upon NMA substitution was 
considered in the context of the calculated DAS. The major effect in the C-PC 
dimer is a reduction in Xi and %2 - The longest lifetime components in phycobili­
somes /  phycobiliproteins are usually attributed to fluorescence emanating from the 
terminal emitter which is the p-84 chromophore for C-PC. An examination of the 
DAS (Figure 4-14) for the C-PC dimer reveals that the decay times of xi and X2  
increase up to the emission maximum, which is followed by a decrease for all 
strains. Furthermore, the relative contribution of each lifetime component as a 
function of emission wavelength are similar to each other. While no assignments 
were made to observed differences in X3 , this lifetime displays an intriguing 
negative rise term in the control strain (Figure 4-14). Rise terms are commonly 
observed in light harvesting antenna systems and are attributed to indirect excitation 
due to energy transfer. This rise term is absent in the p-72 mutants suggesting that 
the chromophore(s) that contribute to X3 in the mutants are indirectly excited to a 
lesser extent by energy transfer. Thus energy transfer between the p—155 or a-84 s 
chromophores and the p-84/chromophore could be perturbed. Mimuro et al.,
1986 and Sauer et al., 1987 have independendy shown that the dominant energy 
transfer step in phycobiliproteins is from P-155 to p-84, whose rate is five-fold 
larger than other observed rates.
Time-resolved fluorescence analysis of isolated phycobilisomes reveal 
differences in X2  as a result of NMA replacement and the results are consistent with 
a perturbation of the p-84 chromophore. The longest lifetime in this case is
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Figure 4-14. Decay-associated spectra (DAS) of C-phycocyanin dimer. A, 7002 
wild-type; B, cpc BA/BA; C, B72D and D, B72Q. DAS calculated according to 
Tilstra et al., 1990. The steady-state emission spectrum is shown as a thickened 
line, xi is represented by open circles, X2 by closed circles and 13 by squares.
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attributed to fluorescence emission from the APC core. The observed lifetime of 
1.8-2.0 nsec for xi in this analysis agrees with lifetimes attributed to APC in the 
literature (Wendler et a i, 1984; Holzwarth et al., 1982). Analysis of the DAS 
provide further support for this assignment (Figure 4-15) in which the maximal 
contribution of i j  is at the red edge of the steady state emission spectrum where 
APC emits. The site-directed mutants contain NMA in the APC components of the 
phycobilisome core. Therefore, no change in Xi is expected as a result of Asp or 
Gin introduction into the p-72 site of C-PC. NMA replacement does impart 
changes in 1 2 , however, which decreases by a considerable amount. The DAS 
demonstrate that the maximal contribution for %2 is at shorter wavelengths as 
compared to Xj indicating that processes that contribute to X2 arise from the C-PC 
rods. Attempted fundamental assignment of X2 to more specific processes is 
tenuous at best; however, it is obvious that a component of energy transfer in C-PC 
is altered.
H. Steady State Fluorescence Anisotropy of 7002 and Site- 
Directed p-72 Mutants. The effects of NMA replacement are manifested as 
alterations in steady state fluorescence anisotropy spectra. In this experiment the 
fluorophores are excited with polarized light which results in a photoselection 
depending on their orientation relative to exciting light. The anisotropy depends on 
the average angle between the absorption and emission transition dipoles. Several 
processes can occur during the excited state lifetime to cause depolarization (a 
change in the angle between the transition dipoles). These processes include 
energy transfer and other excited state reactions or motional effects that lead to 
chromophore reorientation (Eftink, 1992). It is thus expected that a change in
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Figure 4-15. Decay-associated spectra (DAS) of phycobilisomes. A, cpc BA/BA; 
B, B72D and C, B72Q. DAS calculated according to Tilstra et al., 1990.
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anisotropy should be detected if NMA optimizes energy transfer either by directly 
affecting the rate constant for energy transfer or by decreasing other nonradiative 
pathways. Figure 4-16 and Table 4-11 show that the presence of Asp or Gin at the 
P-72 site increases the average anisotropy (580-620 nm) by 30 and 15 %, 
respectively. The anisotropy of isolated phycobilisomes shows similar qualitative 
trends in anisotropy as a result of p-72 replacement (Figure 4-17). The anisotropy 
values for phycobilisomes approach zero which probably reflects the relatively long 
rotational correlation time of the large phycobilisome complexes. The difference in 
wild-type and control anisotropy is attributed to the size disparity of their respective 
phycobilisome rods due to the loss of the 33 kDa linker in the control. Comparison 
of the mutants with the control reveals that p-72 replacement in C-PC is reflected as 
a small increase in anisotropy. Thus the effect of a single amino acid substitution 
manifests itself in a large macromolecular complex. The increase in anisotropy 
from 640-660 nm is attributed to energy transfer from the sensitizing to fluorescing 
chromophores and is characteristic of these systems (Dale and Teale, 1970; Teale 
and Dale, 1970). These data can be interpreted in two different manners: the 
observed anisotropy increase for the p-72 mutants can be attributed to a direct 
decrease in the energy transfer rate constant or alternatively, the decrease could be 
due to both a decrease in energy transfer and an increase in other nonradiative 
processes that occur during the excited state lifetime which effectively decreases 
depolarization. A distinction between the two possibilities is not discernible by 
steady-state methods and requires the acquisition of time-resolved anisotropy 
measurements. This experiment will likely yield information on possible variations
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Figure 4-16. Fluorescence anisotropy spectra of purified C-phycocyanin. The 
emission maximum was 650nm, excitation was scanned from 580-645 nm. The 
dotted line is the anisotropy spectrum of cpc BA/BA while the solid-lined spectra 
represent the following A, 7002 wild-type; B, B72D and C, B72Q.
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Table 4-11. C-Phycocyanin Average Fluorescence Anisotropy
Strain Anisotropy (d>)
7002 0.143 ± 0.016
cpc BA/BA 0.136 ±0.020
cpc B72D 0.204 ± 0.021
cpc B72Q 0.172 ±0.019
Reported steady-state anisotropy values are the average ± 
standard deviation in the range of 580-620 ran for a single 
experiment. Data were acquired every 1 nm interval at as rate 
of 20 sec/nm. Excitation spectra were acquired from 580-640 nm 
with the emission max at 650 nm. All samples were matched 
at an absorbance of 0.05 at 580 nm.
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Figure 4-17. Fluorescence anisotropy spectra of purified phycobilisomes. The 
emission maximum was 670 nm, excitation was scanned from 600-670 nm. All 
spectra are corrected for baseline and instrument response and are smoothed using 
the Labview program. 7002 wild-type is shown as a solid line, cpc BA/BA as a 
dashed line, B72D as closed circles and B72Q as open circles.
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in the local dynamics of the p-84 chromophore as a result of mutation. In the event 
that a change in rotational correlational time is identified as a result of p-72 
mutation, we will be able to claim that p-72 replacement affects the energy transfer 
rate constant and probably does so by affecting the orientation factor, k, of the bilin 
chromophore.
I. Molecular Mechanics/Dynamics of Engineered C-Phycocyanin.
The spectroscopic data in this chapter clearly establish that NMA at p-72 in C-PC 
decreases nonradiative pathways of deexcitation. It is my goal to corroborate the 
experimental data with theoretical calculations using the crystal structure of C-PC 
from Mastigocladus laminosus (Schirmer et al., 1987). These studies assess the 
possible effects of p-72 replacement on local protein and bilin structure. Native 
biliproteins are known to act as a scaffold in constraining the chromophores to be 
quasilinear and, as a consequence, confer high fluorescence quantum yields and a 
prominent visible absorption peak on the bilins. Both of these effects substantially 
decrease upon protein denaturation in which the preferred bilin conformation is 
cyclohelical. In fact, free bile pigments display fluorescence quantum yields of 10'
3-10*5 at room temperature, indicating that the excitation energy is rapidly lost by 
radiationless relaxation pathways. Conformational flexibility seems to provide the 
most efficient avenue for nonradiative decay (Glazer, 1990). Therefore, molecular 
dynamics calculations were performed on C-PC with various replacements at the 
NMA site so as to evaluate perturbations in the local protein environment and the 
proximal p-84 chromophore.
Evaluation of the C-PC crystal structure was achieved by the calculation of the 
potential energy function employing the method of molecular mechanics. This 
procedure could theoretically be accomplished by solving quantum mechanical
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equations to effectively "form an energy surface" as a function of atomic position 
for all atoms. Application of ab initio methods in which the possible positions of 
all atoms are calculated would be a formidable task for a macromolecule such as C- 
PC (monomer [ap] = 36 kDa). Therefore, different potential energy functions were 
developed that are based on a molecular mechanics approach (Burkert and Allinger, 
1982). This technique involves approximation of the potential energy function as a 
sum of interaction terms. The model function used in CHARMM is as follows 
(Brooks et al., 1983):
E t o t a l  =  e b o n d s  +  e b o n d  a n g l e s  +  E t o r s i o n s  +  e i m p r o p e r  t o r s i o n s  +  
e v d w  +  E e l e c t r o s t a u c s  +  e h  b o n d s  +  e a t o m  c o n s t r a i n t s  +
E d i h e d r a l  c o n s t r a i n t s  
The first term, EBONDS, takes into account every covalent bond which is treated as
a simple spring that obeys Hooke's Law. The second term, EBOND a n g l e s *  
accounts for bond angle deformation and the third, E j q r s i o n s *  appraises the energy 
of deformation for twisting about an axis through covalently bonded atoms. The 
improper torsion term, E ^ p R o p g R  t o r s i o n s *  assesses the energy for maintenance of 
chirality and planarity in certain atoms. The van der Waal's and electrostatic terms, 
e v d w  +  e e l e c t r o s t a t i c S ’ account for core repulsion, dispersion and Coulombic 
interactions. Finally, the remaining terms, EB B q n d s  +  e a t o m  c o n s t r a i n t s  +  
E d i h e d r a l  c o n s t r a i n t s ,  assess energetic contributions for hydrogen bonding and 
dihedral or atom constraints. The electrostatic term is defined by Coulomb's Law. 
The protein interior is usually treated as a low dielectric medium of approx. e=2r to 
4r (r=A) for these calculations (Nemethy and Scheraga, 1990). However, a 
constant dielectric of 4 would inadequately approximate electrostatic interactions 
near the protein surface where there is contact with solvent. For this reason a
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distance-dependent dielectric constant of e=2r-4r (r=A) is commonly used in which 
the Coulombic interaction between two atoms depends on their intervening distance 
(McCammon and Harvey, 1987). Therefore, the dielectric will approximate e=2r 
to 4r (r=A) in the closely packed interior of the protein and will gradually increase 
to more closely approximate solvent effects at the protein-solvent interface. It is 
also conventional in mechanics calculations to truncate the effects of nonbonded 
interactions beyond a certain distance to conserve computer time. Truncation of 
nonbonded interactions is commonly accomplished by the use of a switched 
potential function that effectively "switches" off the potential over a short distance 
range. Loncharich and Brooks, 1989 have examined the effects of truncating 
nonbonded forces in the protein carboxyhemoglobin, and found that different 
methods of truncation greatly affected protein behavior during their simulations. 
Their results indicate that a switched potential is optimal over a range of 5-9 A 
when a distance-dependent dielectric constant is employed.
The goal of these molecular dynamics calculations was to evaluate the possi­
bility that p-72 replacement affects the conformational equilibrium of the p-84 
chromophore. Changes in chromophore structure upon NMA substitution would 
corroborate experimental evidence that NMA improves energy transfer efficiency. 
The current literature contends that the spectroscopic properties of bilin chromo- 
phores are largely determined by their conformation as imposed by the protein 
scaffold. Theoretical evidence that NMA alters chromophore structure would be 
another indication that asparagine methylation serves a relevant biological function.
Energy Minimization. Molecular dynamics calculations require that the 
crystal structure be energetically minimized. Successful minimization of the C-PC 
p subunit required iterative testing of various algorithms in order to optimize
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location of the local/global minimum in the most timely fashion. The results of 
these studies indicate that the lowest energy conformation can be quickly obtained 
by using a low dielectric constant and a combination of three different minimization 
algorithms. These studies involved iteratively testing three available algorithms 
Steepest Descent (SD), Conjugate Gradient (CG) and Adopted Basis Newton 
Raphson (ABNR) separately and in combination. SD is a non-convergent first 
derivative method and works well to remove any unfavorable steric conflicts. It 
will not, however, locate the local/global minimum. This method was 
appropriately applied to the initial starting structure. CG is a first-derivative 
convergent method that requires fewer iterations than SD to reach a minimum due 
to the fact that it integrates previous minimization steps. ABNR is a second 
derivative method that is optimal for large macromolecular complexes (Brooks et 
al., 1983). It is similar in many ways to CG, however, it stores more information 
about the current potential gradient than does CG. The minimization data were 
analyzed by comparing the data after 200 iterations of the algorithm(s) of interest in 
terms of the magnitude of the energy change (AE), total energy, RMS deviation of 
structure and CPU time (Table 4-12). The optimal procedure for C-PC 
minimization was identified in an iterative manner and involves the removal of bad 
steric conflicts with SD (few hundred iterations), further minimization with CG to 
an RMS deviation of ~ 0.1 kcal/A (several hundred iterations) and finally, 
attainment of the local/global minimum using ABNR (100-1000 iterations). This 
choice was superior due to the efficiency with which the methods achieved the 
lowest possible RMS deviations, total energy, and energy/step. Table 4-12 
indicates that CG could in principle be applied first to the crystal structure while 
eliminating SD, however, SD appears to be more effective at removing the
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Table 4-12. Comparison of Energy Minimization Methods0
Method Energy
(kcal/mol)
AE GRMS* CPU (min)
SD x 200 -1120.8 9.8 0.64 9.5
CG x 200 -1278.5 5.4 0.24 21.4
ABNR x 200 -1822.2 6.1 0.22 5.2
SD x 200 
CG x 200
-1288.9 -1.3 0.19 29.9
SD x 200 
ABNR x 200
-1837.1 4.8 0.43 13.7
SD x 200 
CG x 200 
ABNR x 200
-1886.0 1.5 0.25 34.1
Minimization methods compared by running 200 iterations on the C-PC 
P subunit.
°Abbreviations are defined as follows: SD (Steepest Descent), CG 
(Conjugate Gradient) and ABNR (Adopted Basis Newton Raphson).
bGRMS is the global root mean square deviation of atoms during the 
minimization steps. Smaller values indicate that the minimizer is approaching 
a local/global minimum and is thus taking incrementally smaller steps as 
the minimum is approached. This value is commonly used to evaluate 
success of calculation.
167
worst contacts in the shortest amount of time. It was also found that ABNR must 
be used following minimization by CG to attain the local/global minimum as CG 
does not achieve the lowest possible RMS derivatives. Therefore, minimization 
was most effective when CG and ABNR are used in combination. Application of 
SD and CG together was also fairly efficient but this method did not achieve the 
lowest possible energy conformers. Implementation of either CG or ABNR in 
combination with SD was clearly inferior, yielding higher energy conformers. It is 
interesting that minimization by ABNR alone seems to be quite time-efficient in that 
the method results in nearly comparable energy values as the trio combination 
previously discussed, and, furthermore, this is accomplished in 1/7 of the time. 
These results indicate that the C-PC x-ray structure is likely to be well-refined with 
minimal steric conflicts. Nevertheless, the trio combination of SD, CG and ABNR 
was chosen for all minimizations as it was anticipated that the crude minimizer, SD, 
would be appropriately applied to remove initial steric conflicts upon introduction 
of mutations.
Molecular Dynamics Studies. Molecular dynamics techniques were used 
to study the environment of the p-72 site and the possible effects when NMA is 
replaced. This technique is extremely powerful and provides a method for exam­
ination of the available conformational space for a molecule and subsequent 
changes upon mutation. The molecular dynamics algorithm utilizes the total energy 
of the system as a function of atomic coordinates. The system is first minimized to 
yield a potential energy surface which defines the stable conformations as discussed 
earlier. The forces acting on each atom are obtained by differentiating this function
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with respect to atom position. Finally, the dynamics of the system are calculated by 
solving Newton's equations of motion as a function of time which results in a 
dynamics trajectory (reviewed in McCammon and Harvey, 1987; Brooks et al., 
1983; Karplus and Petsko, 1990).
These studies were aimed at the determination of possible changes in the p-72 
local environment as a result of NMA replacement Much information was gleaned 
from the equilibration/production trajectories and from the minimized endpoint 
conformers. Analysis of the equilibration/production phase of the trajectory was 
necessary to determine the extent of sampled conformational space for a chosen 
parameter. The effects of a p-72 mutation were evaluated according to the 
following parameters: 1. main chain and side chain dihedral angles; 2. local 
hydrogen bonding networks and 3. p-84 chromophore geometry. Table 4-13 
shows the main chain and side chain dihedral angles for each of the mutations as 
derived from the minimized endpoint conformers. These data are also tabulated in a 
Ramachandran plot as shown in Figure 4-18. Removal of the NMA methyl group 
to yield Asn results in no significant changes in main chain or side chain dihedrals. 
However, replacement of NMA with an Asp creates deviations of 39° and 95°, 
respectively, for y  and xi* The dihedrals of Gin, NMG and Ser substitutions at p- 
72 are similar to Asp. It is intriguing that even though Gin is nearly isosteric with 
NMA its dihedral angles show large deviations. Thus the determining factor for 
these angles is likely to be due to electrostatic interactions.
Potential alterations in the hydrogen bonding network were evaluated in the 
various p-72 substituted endpoint conformers. These studies indicate that NMA at 
P-72 restricts potential hydrogen bonding as compared to other amino acids due to 
the imposition of a methyl group that is incapable of hydrogen bonding. NMA-72
Table 4-13. Main Chain and Side Chain Dihedral Angles at p-72
P-72 Amino Acid V <1> Xl
NMA 6.2 ± 4.3 -84.4 ± 3.9 -83.5 ± 17
Asn -6.6 ± 2.6 -93.9 ± 12 -92.9 ± 36
Asp -42.3 ± 18 -90.1 ± 8.6 -165± 10
Gin -67.0 ± 5.7 -107 ±28 -159 ±18
Ser -83.0 ± 2.8 -55.8 ± 2.3 -146 ±60
NMG -57.1 ± 2.6 -83.2 ± 2.0 -158 ± 2.5
Dihedral angles were determined as an average ± standard deviation for 
the 3-4 endpoint minimized conformers.
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is located in a relatively undefined loop between helices B and E of C-PC (Duerring 
et al., 1988). The main chain carbonyl oxygen is located near N21 of pyrrole ring 
B and the amide nitrogen of Tyr 74, and demonstrates hydrogen bonding to each in 
the crystal structure. These two main chain interactions are common to all p-72 
substituted C-PC mutants with the exception of Asp 72. Asp 72 interacts with the 
guanidino group of Arg 78 instead of the pyrrole ring B. Table 4-14 identifies 
potential hydrogen bonds between the p-72 side chains and other local atoms for 
wild-type and mutants. While the NMA side chain yields no hydrogen bonding 
interactions with local atoms, several p-72 substitutions show unique side chain 
bonding patterns. In particular, the side chain amide of Gin 72 interacts with a 
guanidino hydrogen of Arg 78. The amide H of Asn 72, the hydroxyl H of Ser 72 
and N-carboxyl oxygen of NMG interact with the hydroxyl H of Thr 122. It is 
likely that the addition of a methylene group to NMA to create NMG changes 
relative atom orientations that allow hydrogen bond formation. The methylene 
group increases NMG side chain length by approx. 1 A (measured in structure) 
thereby causing atom displacement, y  and xi are changed by approx. 60° and 40°, 
respectively, when NMA is replaced by NMG. It is clear from this evaluation of 
hydrogen bonding networks that p-72 replacement has a substantial effect on the 
local protein structure.
In this chapter NMA has been implicated in the reduction of nonradiative 
pathways of deexcitation in C-PC and isolated phycobilisomes. The dynamics data 
indicate that NMA at p-72 yields a unique local environment in the vicinity of the p- 
84 chromophore which positively correlates with the previously presented experi­
mental evidence. Chromophore orientation is known to determine spectroscopic 
properties; conformational flexibility seems to provide the most efficient method of
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Table 4-14. p-72 Side Chain Potential Hydrogen Bond Analysis
p-72 Amino Acid Hydrogen bond donor-acceptor
1. NMA none
2. Asn NH2 72 - OH Thr 122
3. Asp none
4. Ser OH 7 2 -OH Thr 122
5. Gin C=0 72 - NH2 Arg 78
6. NMG C=0 72 - OH Thr 122
Potential hydrogen bonds determined by default values in CHARMM. 
Hydrogen bonds that include p-72 side chain are exclusively shown.
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increasing nonradiative processes, p-84 chromophore geometry was monitored for 
wild-type and mutant phycocyanin p subunits by calculation of a time correlation 
series during the production phase of dynamics. The dihedral angles of the 
methene bridges are less conformationally restrained than the five membered rings 
of the tetrapyrrole and were monitored throughout the production dynamics 
trajectory. The chromophore dihedral angles which bond rings A-B, B-C and C-D 
are C4-C5-C6-C7, C8-C9-C10-C11 and C13-C14-C15-C16, respectively. Figure
4-19 shows the fraction of total conformer population versus these selected bilin 
dihedral angles. The distribution of NMA conformers is similar to that of the 
mutants for the angle, C4-C5-C6-C7. Likewise, the distribution of conformers for 
the angle between rings B and C, C8-C9-C10-C11, is similar for wild-type and 
mutants. The most striking difference observed for chromophore orientation is 
observed for C13-C14-C15-C16 which connects rings C and D (Figure 4-19).
This dihedral is far different when NMA is present at p-72 than with any other 
amino acid. NMA imposes a large deviation on this methene bridge (+32°) 
compared to most other amino acids in which the average dihedral is approx. -40° 
(Figure 4-19). Perhaps the most significant evidence that NMA does alter 
chromophore geometry is in the comparison of this dihedral when NMA and Asn 
are at p-72. The N-methyl group obviously induces large changes in dihedral 
conformation. While the only difference between the two residues is a single 
methyl group, the conformer population for Asn is far different from that for NMA 
differing by an average of 70°. Alternatively, NMG differs from NMA by the 
addition of a methylene group and its dihedral angle most closely approximates that 
of NMA. Illustration of differences in the C13-C14-C15 C16 dihedral angle as a 
function of p-72 replacement are shown in Figure 4-20, which demonstrates RMS
Figure 4-19. Fraction of total conformer population versus bilin 
chromophore dihedral angle. A, C4-C5-C6-C7; B, C8-C9-C10-C11 and 
C, C14-C15-C16-C17. These data are obtained by calculation of a time 
series during the equilibration phase of the respective dynamics trajectories.
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Figure 4-20. Photographs of p-84 chromophore overlays. All photos are a 
comparison of wild-type (NMA) and each of the following A, Asn; B, NMG; C, 
Asp; D, Ser, E, Gin. Overlays of the corresponding minimized p subunits resulting 
from the equilibration phase of the dynamics trajectory were accomplished in 
CHARMM. Atoms in rings A through C of the p-84 chromophore in wild-type and 
the mutants were fit by orienting by mass. NMA wild-type structure is shown in 
blue in each photo. In the corresponding black/white reproductions the wild-type 
structure is shown with the plane of the D ring in the plane of the page.
Photographs were taken from Silicon Graphic terminal with Kodak Gold 100 film 
with an F-stop of 4 and exposure times in the range of 0.5-2 sec.
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mass fits of atoms in rings A, B and C of the chromophore between the two 
indicated structures. It is intriguing that changes in the p-72 amino acid have such a 
profound effect on distant chromophore dihedral angles at the D ring. It is likely 
that the large change in ring D conformation induced by asparagine methylation is 
caused by numerous, compensatory variations in chromophore angles proximal to 
p-72 which eventually lead to a large deviation in ring D. The x-ray crystal 
structure indicates that ring D is poorly defined in terms of its electron density in the 
crystal structure from Agmenellum quadruplicatum (Schirmer etal., 1986). It is 
also less conformationally restrained in the x-ray crystal structure as it appears to be 
located near the protein surface (Schirmer et al., 1987). It is, therefore, likely that 
changes in chromophore structure will be manifested in the atoms that are most 
conformationally flexible.
These data lend support to the experimental data on site-directed mutants and 
indicate that the presence of NMA at p-72 yields a unique local environment in 
terms of dihedrals of p-72 amino acids, H bonding potential and chromophore 
geometry. These molecular dynamics data and the observed experimental 
differences are consistent with a perturbation in p-84 chromophore geometiy as a 
result of asparagine methylation.
Chapter 5 will describe the effects of p-72 substitution on C-PC stability by 
examining urea denaturation curves.
Chapter 5
Examination of Effects of p-72 Replacement on 
C-Phycocyanin Stability
I. Introduction
One of the most fundamental and well-accepted hypotheses in structural 
biochemistry is that a protein's three-dimensional structure is determined by its 
unique amino acid sequence (Anfinsen, 1973). Because all of the structural and 
functional properties of a protein are derived from the primary sequence, mutational 
analysis in which single amino acids are replaced is an essential experimental tool 
for measuring protein folding and stability. The technology to construct genetically 
altered proteins has existed for about a decade and has proven to be a successful 
strategy to study structure/function relationships in proteins. There is a wealth of 
literature available in this area, a few examples of major advances in the 
understanding of protein function can be found in mutational studies on 
bacteriophage T4 lysozyme (Matsumura et al., 1988; Nicholson et al., 1988), 
Ribonuclease T1 (Thomson etal., 1989; Shirley etal., 1989) and the P22 tailspike 
protein (Haase-Pettingell and King, 1989; Sturtevant et al., 1989).
The objective of mutational studies is to study the effects of altering specific 
residues on structure and function in order to assess the functional role of a specific 
amino acid. A substantial fraction of amino acids in proteins (approximately 33 %) 
have been found to make significant contributions to stability, whereas only a select 
few make essential ones (Goldenberg, 1992). This conclusion is based on 
experimentation in which it was shown that numerous amino acid replacements 
within a polypeptide chain can significantly destabilize the native state of a protein. 
It was also established that native states of proteins are more tolerant of substitution 
than originally anticipated, and in most cases, the effects of a single amino acid
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replacement involve local repositioning and can be accommodated with minimal 
perturbation. Structural changes rarely propagate beyond a few A of the site of 
interest (Shortle, 1992). Proteins are thus flexible and dynamic molecules that can 
accommodate many changes; they are not simply an inflexible network of atoms 
that resist structural change.
The knowledge of the origins of protein stability is essential to insight into 
protein structure and function relationships. The stability of a protein must be 
sufficient to locate and maintain its active conformation relative to other local 
minima but not so great that any adjustments are precluded (Becktel and Schellman, 
1987). Most globular proteins are, in fact, only marginally stable. It has been 
estimated that the native state of a protein is approximately 5-15 kcal/mol more 
stable than the unfolded state under physiological conditions (Pace, 1975).
Further, the minimal stability afforded to a native protein is the result of the 
difference of two very large but compensating numbers, thus making accurate 
calculation problematic. The small stabilization of a folded protein is exceptionally 
low when compared to dissociation of an aliphatic carbon-carbon bond, for 
example, which is worth 80 kcal/mol (Pace, 1975).
The purpose of mutational studies in proteins is to correlate structure and 
function by determining the role of a specific amino acid residue in the energetics of 
the reaction of interest This reaction is the reversible two-state pathway in which 
the native protein, N, unfolds completely to its denatured counterpart, D:
N <------> D
The equilibrium for this reaction under normal conditions is far in favor of the 
native form; therefore, denaturants and changes in pH or temperature are commonly 
used to generate the transition. Urea is commonly used as a denaturant for these
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types of studies and is the component of choice for our experiments. Urea is 
believed to act by preferentially interacting with the protein surface, thereby 
increasing its solubility and decreasing the hydrophobic effect (Creighton, 1992). 
AGfoid can be calculated from the study of the urea-induced conversion of the native 
protein to its denatured partner. This parameter is determined by directly measuring 
the average fraction of unfolding, a, in the region of urea concentrations at which 
unfolding occurs as follows:
Keq = [N]/[U] = ( l - a ) / oc  (1)
a is measured directly and represents the average fraction of unfolding. AGfoid in 
the absence of urea is relevant and is estimated by extrapolation of the following 
equation (Pace, 1986):
AGfoid = AGfoid (H2O) + m[denaturant] (2)
The slope, m, reflects the dependence of AGfoid on [urea]. There are alternative 
methods to determine AGfoid (H2O) but the linear extrapolation model is most often 
used because it offers superior quantitation (Pace, 1986). Other models include the 
denaturant binding model, in which it is postulated that unfolding results because 
there are more binding sites for denaturants in the denatured versus native state 
(Pace, 1986). Tanford's model is based on free energy of transfer of amino acids 
from water to denaturant (Tanford, 1970).
The objective of this chapter is to evaluate the possible effects of site-specific 
p-72 NMA substitution on C-PC stability. These mutants are the first instance of 
site-specific substitutions in the chromophore binding site of C-PC and were 
originally constructed to characterize possible effects of NMA on energy transfer 
properties of C-PC. However, it became obvious upon phycobilisome isolation 
that the p-72 replacements destabilized the phycobilisome (see Chapter 4). It was
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my goal to pursue an examination of protein and phycobilisome stability as a result 
of (S-72 replacements; this chapter enumerates the observed effects on C-PC 
stability. The study of phycobilisome stability will remain for other scholars.
II. M aterials and Methods 
Ultra pure grade urea (>99.9 % purity) was purchased from Amresco and a 10 
M stock was used for all denaturation experiments.
C-PC from wild-type, control and site-directed mutants was purified as 
previously described in Chapter 4. The protein was exhaustively dialyzed in 20 
mM NaPC>4 pH 7.0,1 mM p-mercaptoethanol and 1 mM NaN3 prior to dena­
turation experiments. All unfolding studies were accomplished in 20 mM NaAc 
(pH 5.5), 5 mM p-mercaptoethanol and 1 mM NaN3 .
The various urea concentrations were prepared gravimetrically by weighing out 
the appropriate amount of urea from the 10 M stock into a 1 ml volumetric flask. 
The correct mass of urea was calculated from the density of a 10 M urea solution 
which is approx. 1.153 g/ml (recalculated from Kawahara and Tanford, 1966).
The appropriate amount of acetate buffer was then added to the flask and the 
contents were thoroughly mixed with a Pasteur pipette. Finally, C-PC was added 
to the urea solution at a concentration of 0.1-0.2 mg/ml; the final volume was 
adjusted to 1 ml. Urea-containing samples were prepared in the region of 0-8 M in 
0.5 M increments. All samples were allowed to equilibrate at room temperature for 
at least 30 minutes prior to spectroscopic measurement.
Several different spectroscopic probes were used to monitor denaturation: 
absorbance, fluorescence and circular dichroism. Absorbance spectra were 
acquired using a Uvikon 810 spectrophotometer (Kontron Instruments, Swit-
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zerland) with a bandwidth of 2 nm and a cuvette pathlength of 1 cm. Wavelength 
scans were obtained in the region of 800-250 nm in either 0.5 or 1 nm increments. 
Steady-state fluorescence emission spectra were acquired on an SLM Aminco 8000 
spectrofluorimeter. C-PC was typically prepared by diluting the prepared urea- 
containing samples with acetate buffer to obtain a final concentration of 0.05-0.1 
AU. at the excitation wavelength of 580 nm. The emission monochromator was 
scanned from 600-700 nm using a 1-3 sec time constant. Circular dichroism 
measurements were accomplished on a AVIV 62DS spectrometer in which the 
wavelength range of 215-230 nm was monitored. A 0.1 cm pathlength cuvette was 
used for these experiments; the absorbance of C-PC approached 1.0 AU. Thermal 
unfolding was measured at 222 nm in a thermostatted cuvette holder that was 
programmed to collect data every 2 °C from 25-90 °C. The chamber was 
equilibrated for 2 minutes at each temperature prior to measurement which was 
signal averaged for 10 sec.
The kinetics of refolding was examined by monitoring the change in 
absorbance intensity at the wavelength maximum for the bilin chromophore in both 
the visible and ultraviolet regions of the spectrum. Unfolding was initiated in 8 M 
urea; approximately 15 minutes is minimally required to completely unfold wild- 
type C-PC under these experimental conditions. Protein samples for subsequent 
experiments were allowed to incubate for at least 30 minutes, which was an 
adequate period of time for the protein to totally unfold. Refolding was initiated by 
dilution into acetate buffer to achieve a final urea concentration of 1-3 M.
Refolding was measured by obtaining a wavelength scan in the region of 800-300 
nm every 5 minutes.
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Anisotropy measurements were accomplished as described in Chapter 4. A 1- 
sec time constant was used for each excitation scan which was collected in the 
wavelength range of 580-620 nm.
III. Results and Discussion
A. Characterization of 7002 Wild-type C-PC. The unfolding of C- 
PC as induced by urea was monitored by using several different spectroscopic 
techniques so that independent measures of conformational stability could be 
obtained. The chosen techniques include absorbance, fluorescence and circular 
dichroism. Absorbance was used to monitor changes in the bilin chromophore 
environment by evaluation of both the visible absorbance peak at ~ 620 nm and the 
near ultraviolet peak at ~ 350 nm. Figure 5-1A shows absorbance spectra of 7002 
C-PC in both its native and denatured state. The visible maximal absorbance is a 
sensitive parameter for following unfolding as evidenced by the change in 
absorbance upon denaturation. Circular dichroism (CD) was additionally used as 
an independent measure of protein structure. CD, which is a variation of electronic 
absorption spectroscopy that uses circularly polarized light, is sensitive to various 
types of secondary structures in proteins such as a-helices. Native C-PC contains 
mostly a-helix, while the unfolded state of a protein is typically considered to be a 
random coil, making CD a sensitive technique for these experiments. The peptide 
backbone was monitored by measuring CD at 220 nm as a function of urea 
concentration. Figure 5-IB shows the CD spectrum of both the native and 
denatured state. The native CD spectrum displays a minimum at 222 nm that is 
characteristic of a-helical structure. The denatured protein shows a very weak 
signal and is devoid of helical nature. CD is a sensitive measure of
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Figure 5-1. Absorption spectrum and circular dichroism spectrum of 7002 C- 
phycocyanin (wild-type). The A, absorbance and B, circular dichroism spectra are 
shown in native and denatured states (8 M urea) in 20 mM NaAc (pH 5.5), 5 mM 
P-mercaptoethanol, 1 mM NaN3 .
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denaturation as indicated by the 5-fold decrease in signal at 222 nm. Fluorescence 
was also used to follow the unfolding transition; changes in fluorescence at 640 nm 
reflects a difference in the environment of the bilin chromophores. It is well- 
known that free cyclohelical bilins lack fluorescence; therefore, denatured C-PC in 
the absence of a protein scaffold to maintain chromophore linearity does not 
fluoresce. An independent measure of secondary structure changes was attempted 
by fluorescence by monitoring the environment of the single tryptophan in the a 
subunit While this residue seems like a feasible reporter group it is not possible to 
excite the tryptophan at 295 nm and monitor its emission. Tryptophan participates 
in energy transfer to the bilin chromophores; excitation at 295 nm results in a small 
emission peak at 640 nm.
Conformational stability of proteins is commonly examined by analyzing urea 
denaturation profiles. Calculation of the free energy for unfolding assumes that the 
protein of interest undergoes a two-state reversible unfolding transition with no 
intermediates along the folding pathway. Therefore, experimental conditions must 
be found in which reversible denaturation is distinguished from irreversible inac­
tivation which usually involves covalent alterations of the primary structure of the 
protein (Creighton, 1993). Several different assay buffer conditions were 
attempted prior to the discovery of appropriate refolding conditions. Examination 
of refolding conditions was first attempted at pH 3.6 in 20 mM citrate buffer. This 
low pH was chosen because urea is known to carbamylate protein amino groups at 
basic pH. It is also desirable to work under pH conditions that are not near the pi 
to prevent possible protein aggregation; the pi of C-PC approaches 5.5 (Table 4-4). 
Finally, the bilin chromophores are acid-stable. 7002 C-PC appeared to be native 
under these assay conditions as evidenced by the visible absorbance spectrum.
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Following denaturation in 8 M urea, the sample was renatured by dilution into 
citrate buffer (pH 3.6) to final concentrations of 3, 2 and 1 M urea. Approximately 
20 % of the protein refolded, based on 350 nm quantitation in 3 M urea. Refolding 
in 2 M urea does not improve the prospects, and C-PC appears to initially renature 
but denatures quickly thereafter in 1 M urea. Refolding conditions at pH 5.1 in 20 
mM NaAc buffer were attempted; however, the chromophore is not 
spectroscopically "native" in the absence of urea. 20 mM NaAc (pH 5.5) does 
yield favorable conditions for refolding as judged by absorbance. First of all, the 
native C-PC absorbance spectrum at pH 5.5 superimposes with native C-PC in 
NaPC>4 (pH 7.0). Renaturation in 3 M urea yields a spectrum indicative of a quasi­
native chromophore environment but the ultraviolet region (260-280 nm) indicates 
that the environment of the aromatic amino acids does not return to the native state. 
Renaturation in 1 M urea yields an absorbance spectrum that is nearly 
superimposable with the comparable native C-PC in 1 M urea. The corresponding 
renatured and native spectra as monitored by absorbance, CD and fluorescence are 
shown in Figure 5-2. It is intriguing that the most favorable refolding conditions 
were identified at a pH that is so near to the pi (pi = 5.5). Proteins are notorious 
for aggregating at pH's close to their pi's, but there is no visible evidence of 
aggregation for 7002 C-PC. Furthermore, gel filtration analyses of C-PC from 
wild-type, control and mutants under these buffer conditions yields dimers/trimers.
The conformational stability of C-PC was evaluated by analysis of urea- 
induced unfolding profiles. In the presence of increasing amounts of urea (0-8 M) 
the unfolding transition can be monitored spectroscopically. Figure 5-3 shows the 
unfolding transition for 7002 C-PC as measured by A620- The sigmoidicity is due
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Figure 5-2. 7002 C-phycocyanin in 1 M urea. 7002 C-PC (wild-type) in 1 M urea 
compared with renatured C-PC in 1 M urea as shown by A, absorbance; B, CD and 
C, fluorescence. Samples are matched in concentration at 620 nm. The native CD 
spectrum in panel B the lower spectrum.
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Figure 5-3. Urea unfolding transition for 7002 C-phycocyanin. Spectra were 
acquired at 25 °C, 20 mM NaAc (pH 5.5) as monitored by absorbance at 620 nm. 
The dashed lines were calculated by linear regression analysis, values in the 
transition region were used to determine yf and yu.
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to minor changes at low urea, which are followed by a concerted unfolding of the 
polypeptide chain within a minimal concentration range. Staphylococcal nuclease 
presents a favorable example of the typical abrupt folding transition as this protein 
totally unfolds in acid and is denatured if the pH is changed by 0.3 units in the 
transition region (Anfinsen, 1972). By assuming a two-state mechanism, the 
unfolding transitions are analyzed by first calculating the fraction of unfolded 
protein, Fu, at a particular urea concentration as follows:
Fu = ( y f - y 0b s ) / (y f -y u )  (3)
where y0bs is the observed value of fluorescence, absorbance, CD, and yf and yu 
are the observed parameters in the fully folded and unfolded states, respectively. 
The values for yf and yu in these experiments are shown in Figure 5-3 and were 
uniformly obtained in the transition region by linear regression analysis of the data 
from 0-3 M and 6-8 M urea, respectively. Figure 5-4 shows the Fu as measured by 
both absorbance and CD for 7002 C-PC. While the two techniques monitor 
chromophore environment and secondary structure, respectively, they are coin­
cident with each other which is further evidence that C-PC unfolding follows a 
two-state model (Figure 5-4) (Creighton, 1993). The free energy change for the 
observed unfolding transition is calculated by using the equation:
AG = -RT In (Fu /  (1-FU)) (4)
where T is the temperature in Kelvin and R is the gas constant aG typically varies 
linearly with urea concentration in the unfolding transition region; least squares 
analysis is used to fit the data to the following equation:
aG = AG (H2O) - m [urea] (5)
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Figure 5-4. Fraction unfolded as a function of urea. Fraction unfolded shown for 
A, 7002; B, cpcBA/BA (control); C, B72D and D, B72Q C-PC as a function of 
urea molarity obtained by absorbance (circles) and CD (squares). The fraction 
unfolded was calculated by using equation 3.
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The desired parameter from these experiments is aG in the absence of denaturant, 
which is the y  intercept of this equation. Table 5-1 shows the unfolding parameters 
for 7002 C-PC as calculated by both absorbance and CD.
B. Characterization of Control and Site-Directed Mutants. 
Denaturation studies were accomplished for the [3-72 mutants of C-PC to examine 
the possible effects on conformational stability. The unfolding experiments were 
accomplished under the reversible folding conditions described previously for 7002 
C-PC. All strains were shown to reversibly fold under these experimental 
conditions. The control and mutants were independently examined for folding 
reversibility at pH 5.5 and were found to behave similarly to wild-type. Figure 5-4 
shows Fu as a function of urea concentration for the control and site-directed 
mutants. The control and mutants are nearly indistinguishable from wild-type in 
the transition; however, the mutants exhibit peculiar and reproducible behavior at 
pre-transition urea concentrations which will subsequently be discussed. Table 5-1 
lists the calculated parameters from these unfolding studies. The extrapolated AG 
(H2O) was calculated by using the combined CD and absorbance data; all values are 
within experimental error with the exception of 7002 wild-type. However, there 
was greater than 10 % uncertainty in this calculation. This uncertainty could easily 
mask any small differences in stability. Pace, 1979 has found deviations of up to 
30 % in determination of AG (H2O) by the linear extrapolation method. Because of 
the problems inherent to extrapolations, an alternate approach is commonly used to 
evaluate AG differences caused by mutations. In this method the AG's of 
unfolding are compared at denaturation concentrations that correspond to the 
midpoint of the unfolding region because this region of the transition is the most 
accurately determined. As a result of this calcu
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Table 5-1. Parameters of Urea Denaturation of C-Phycocyanin
Protein AG (H20 )a ma (urea)1/2a A(AG)b
kcallmol kcallmolIM M kcallmol
PCC 7002 7.91 ± 1.9 (2)c 1.72 ± 0.46 4.65 ±0.15 +0.16
(P72 = NMA)
cpc BA/BA 
(P72 = NMA)
10.2 ± 1.3 (2)c 2.23 ± 0.34 4.58 ± 0.08
cpc p72D 10.9 ± 1.7 (3)c 2.48 ± 0.43 4.42 ± 0.09 -0.36
cpc p72Q 9.87 ± 2.2 (2)c 2.20 ± 0.47 4.49 ± 0.02 -0.20
Parameters of denaturation were determined by least squares analysis of 
Equation 5. (u rea)^  = AG (H2 O) /  m = midpoint of the cooperative unfolding 
transition.
bA(AG) = A[(urea)i/2] x m (control).
cNumber of independent experiments for each strain.
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lation, all AGs for the mutants are listed as a difference in AG as compared to the 
control and in this manner can then be compared. The AAG's are calculated by 
taking the difference of the [urea] 1/2 values between wild-type and mutant followed 
by multiplication of mcontroi (Pace, 1989). The AAG for wild-type and mutants 
relative to the control indicate little change in stability. The observed experimental 
error is 0.2 kcal/mol for these experiments; therefore, the observed changes in 
stability are small. B72D demonstrates a small decrease in stability of greater than 
or equal to 0.16 kcal/mol after taking into account the experimental error. This 
calculation method is valid for evaluating differences among closely related proteins 
such as the point mutations for C-PC because this method normalizes to m control- 
The significance of m, which describes the dependence of the free energy on urea 
concentration, is controversial. Differences in m between two proteins of interest 
are commonly interpreted as a difference in the amount of polypeptide chain that is 
exposed to solvent upon unfolding (Tanford, 1964). The observed m values are all 
identical within experimental error with the exception of 7002 wild-type. It is 
intriguing that cpcBA/BA and 7002, which are presumably identical proteins that 
contain NMA at the p-72 site, demonstrate the greatest observed differences. The 
reasons for this are currently unknown.
It is not surprising that introduction of a mutation at the p-72 site has little 
effect on protein stability when considering the p-72 position in C-PC. This site is 
located in a relatively undefined turn and is exposed at the surface; thus it is 
expected that these conditions would easily accomodate at least conservative 
substitutions. Swanson and Glazer, 1990 have demonstrated that the thermal 
stability of the methyltransferase mutants which contain Asn at p-72 are indis­
tinguishable from wild-type. The small stability differences of amino acid
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replacement at the protein surface is a common trend for many proteins. 
Conversely, mutations in the protein interior typically cause the greatest changes in 
stability and it is not uncommon to observe substantial changes of several kcal/mol 
in net stability as the result of altering a single interior amino acid. Alteration of 
amino acids that directly affect secondary structure stability can also have large 
energetic effects. Nicholson et al., 1988 have demonstrated an increased thermo­
stability of mutants of T4 lysozyme that are designed to positively interact with the 
a-helix dipole.
C, Steady-State Fluorescence Anisotropy Studies. Despite their 
similarities in AG, the wild-type, control and mutants display peculiar behavior 
(Figure 5-4) at low urea concentrations prior to the sigmoidal unfolding transition. 
I considered the possibility that the observed differences at low urea concentrations 
were attributed to alterations in the dimer/trimer to monomer equilibrium as a result 
of p-72 replacement This belief is supported by the phycobilisome isolations 
previously described for the mutants in which a significant portion of isolated 
phycobilisomes were degraded. C-PC is typically an aggregate of dimers/trimers 
that are com-posed of [op] monomers. The a and p subunits are 27 % identical by 
amino acid sequence (deLorimier and Bryant, 1985) and their secondary structures 
are highly similar, the only significant differences are located in loops/turns 
between helices (Schirmer et al., 1987). Many proteins are aggregates of poly­
peptide chains that fold and then assemble into a quaternary structure. It seems 
likely based on the urea denaturation data that the p-72 replacements might affect 
early unfolding events involving quaternary structure prior to full denaturation. 
This hypothesis of differential monomerization was tested by using steady-state 
anisotropy techniques. Anisotropy has been used to measure self-association of
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bacteriophage X cl repressor dimers (Senear et al., 1993). Anisotropy measure­
ments reveal the average angular displacement of a fluorophore during the excited 
state lifetime which can occur as a result of several processes such as energy 
transfer or rotational motions of the fluorophore (Lakowicz, 1983). Anisotropy 
was used to monitor the rotational motions of C-PC as it monomerizes because 
anisotropy, r, is sensitive to the rotational correlational time as follows: 
r = rQ/ ( l  +(Tf/Tc)) (6)
where r0 is the anisotropy in the absence of motion, Tf is the fluorescence lifetime 
and xc is the rotational correlation time. xc is related to the molecular weight of a 
globular protein as follows (Lakowicz, 1983):
Xc = U MW / kT (i) + h) (7)
where p is the solvent viscosity, MW is the molecular weight, o is the hydro- 
dynamic radius and h is the hydration. Therefore, anisotropy can be a useful probe 
as it will detect differences in molecular weight such as monomerization of C-PC. 
An increase in r should be observed as the aggregation state is decreased when 
excluding any other possible effects on anisotropy. C-PC anisotropy is influenced 
by energy transfer and in these experiments the depolarization due to energy 
transfer is definitely a predominant factor in the data. It was my goal, therefore, to 
scrutinize the wild-type and mutants by the evaluation of changes in anisotropy as 
a function of urea concentration for a particular strain. Figure 5-5 shows the results 
of a single experiment for all strains in which the anisotropy is plotted as a function 
of urea concentration from 0-4 M. There is a fair difference in anisotropy observed 
among the strains in their native state which is largely attributed to energy transfer 
differences among the strains. The anisotropy increases with higher urea for all 
four strains; however, the urea concentration at which the observed anisotropy
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Figure 5-5. Steady-state fluorescence anisotropy as a function of urea 
concentration. Graphs are shown for 7002(solid line), cpcBA/BA (control) 
(dashed line), B72D (open circles) and B72Q (filled circles). Each anisotropy 
value represents an average calculated from values collected from 580-600 nm in 1 
nm increments. Anisotropy spectra were acquired as described in the methods. 
The average standard deviation for the data are as follows: 7002 wild-type (0.011); 
cpc BA/BA (0.010); B72D (0.011); B72Q (0.014).
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maximum is achieved differs. 7002 wild-type and cpcBA/BA demonstrate similar 
trends in their data, with a gradual increase in anisotropy and a maximum at 
approximately 2-2.5 M urea. The mutants are moderately different in that the 
observed anisotropy increase is of a much smaller magnitude and plateaus at a 
lower urea concentration of 0.5-1.0 M. Therefore, these experiments suggest that 
P-72 replacement more greatly influences dissociation of quaternary structure rather 
than the cooperative unfolding transition of the individual subunits. It is 
unfortunate that these data can only be analyzed in a qualitative sense. Calculation 
of the hydrodynamic radii is theoretically possible with these data, however, it is 
unlikely to be valid in this case due to the compounding energy transfer effects. 
Confirmation of these anisotropy results must be obtained by other means; 
potentially the most valuable technique would be visualization of the unfolding 
transition via urea gradient electrophoresis or analytical ultracentrifugation.
D. Characterization of Site-Directed M utants by Thermal 
Denaturation. It is preferable to characterize the stability of a protein by several 
complementary techniques. Therefore, I have chosen to compare urea and thermal 
denaturation. In a thermal denaturation the temperature is incremented through the 
transition region in which the protein unfolds. Many proteins follow a two-state 
reversible transition, making the calculation of thermodynamic parameters such as 
enthalpy and entropy possible from these data. Analysis of thermal denaturation 
curves is similar to that of urea denaturation data in that the goal is to calculate the 
change in free energy. The data are thus analyzed to obtain fraction unfolded, Fu, 
and AG as previously shown by plotting aG versus temperature and performing 
linear regression analysis to solve for the equation:
A G  =  A H  -  T A S  ( 6 )
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Knowledge of these thermodynamic parameters allows the estimation of aG 
assuming that ACp is known. aCp was not determined for C-PC as its calculation 
requires calorimetric measurement and, regrettably, its value is not known to exist 
in the literature.
The reversibility of thermal unfolding was tested for all strains. 7002 wild- 
type was found to be irreversibly denatured after heating at pH 7.0, 6.0-6.4, and at 
3.0 as evidenced by visible aggregation. The two mutants, however, maintained 
solubility at pH 6.0-6.4 and were slightly blue which indicates that the 
chromophore remains in a quasi-native environment. Irreversibility of the wild- 
type and control presents a problem; conditions must be identified in which these 
strains demonstrate reversibility. Figure 5-6 shows fraction unfolded as a function 
of temperature for all strains; the calculated parameters of unfolding for all strains 
were obtained from these data assuming (incorrectly for wild-type and control) that 
all undergo reversible denaturation. The melting temperatures are all similar to each 
other and calculation of AAG's by the method of Becktel and Schellman, 1987 
result in differences similar to those obtained by urea denaturation (Table 5-2).
7002 wild-type and cpcBA/BA seem to display the largest differences, which is 
also consistent with the urea denaturation data. These data were cautiously 
analyzed to avoid overinterpretation. It is intriguing, however, that the p-72 
replacements continue to display approx. 60 % of the CD signal at 222 nm 
following exposure to 90 °C. Further examination is necessary to establish 
whether this signal is due to residual structure that is not lost during the transition 
or if it is attributed to a refolding event upon cooling.
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Figure 5-6. Fraction unfolded as a function of temperature. Fraction unfolded for 
7002 (circles), cpcBA/BA (control) (squares), B72D (triangles) and B72Q (pluses) 
C-PC as a function of temperature as monitored by CD at 222 nm.
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Table 5-2. Parameters of Thermal Denaturation of C-Phycocyanin
Protein ASma Tmb AHma A(aG)c
kcallmolIM °C kcallmol kcallmol
PCC 7002 0.8 61.8 250.9 -0.6
(p72 = NMA)
cpc BA/BA 0.6 62.9 191.5
(P72 = NMA)
cpc P72D 0.5 62.7 164.5 -0.1
cpc p72Q 0.8 61.4 257.5 -0.9
Parameters of denaturation were determined by least squares analysis of 
Equation 5. ASm = -(slope of the equation AG v s .  temp at Tm). Tm = T at 
AG = 0 in °C (y intercept of linear regression analysis of AG versus temp).
bAH = Tm (K) x ASm (kcal/mol).
caaG = ATm x ASm (control), (Becktel and Schellman, 1987).
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Most changes in protein stability caused by point mutations have been 
attributed to changes in the native state simply because this state is better 
understood. Based on recent literature, it seems that changes in the denatured state 
as a result of an amino acid substitution are a credible possibility (Shortle, 1992). 
These thermal denaturation data suggest that the p-72 mutations affect the denatured 
state of the protein. Point mutants of Staphylococcal nuclease have been shown to 
alter the denatured state based on observed changes in mdenaturation (slope of aG 
versus [guanidine hydrochloride]) (Green et al., 1992). As mentioned earlier, 
tfMenaturation is considered to be proportional to the change in surface area of a 
protein that is solvent accessible (Shortle, 1992). In these studies the contributions 
of polar, uncharged amino acids to protein stability was examined by systematically 
replacing them with either alanine or glycine. The authors were able to correlate 
observed changes in free energy, mdenatmatiom and location of the mutation in the 
wild-type native structure to the extent of burial or solvent accessibility of a 
particular side chain. Shortle et al., 1992 have studied the effects of point 
mutations on denatured states by model calculations. Their results suggest that 
amino acid replacements can significantly alter the equilibrium between native and 
denatured states and exert their effects on protein stability by changing the entropy 
of folding for the polypeptide chain. The denatured conformations of a protein 
were identified as highly compact and structured, in contrast to what one might 
expect, an array of random, unrestricted conformations. This substantial amount of 
structure in the denatured state is consistent with our data for C-PC.
Analysis of protein stability and the effects of point mutations is often not 
trivial. There are numerous feasible mechanisms in which a substituted amino acid 
could alter the overall free energy of both the native and denatured states. A
210
mutation could render an effect on the native state by changing side chain hydro- 
phobicity, hydrogen bonding potential or a-helix-forming potential. Alternatively, 
an amino acid replacement could affect the denatured state by causing changes in 
polypeptide chain entropy or electrostatic charges. Our experiments on C-PC 
reveal that while the p-72 site does not significantly effect the overall stability of the 
protein, it is likely to render changes in the monomerization of this multisubunit 
protein and might play a role in altering the stability of the denatured state.
Chapter 6 will synthesize the conclusions resulting from this dissertation and 
will discuss experiments that should be addressed as a result of this work.
Chapter 6
Conclusions of Dissertation Research:
Summary of Structural and Functional Properties 
of a Unique Asparagine Post-Translational Modification
The original goal of this research project was to elucidate the functional 
significance of a stable post-translational modification, [3-72 asparagine methylation 
in C-PC. There are many examples of post-translational methylations in nature; 
however, a credible function has not been attributed to most. This dissertation is 
based on the premise that asparagine methylation plays an important role in phyco- 
biliproteins since it is conserved in both procaryotic and eucaryotic species. 
Acquisition of a methyl group for linkage to asparagine is also energetically costly. 
Therefore, considerable selective pressure must exist to retain the modification.
The results in this dissertation demonstrate without a doubt that NMA, although not 
essential, clearly plays a significant role in the light-harvesting capabilities of C-PC 
and phycobilisomes and cell growth.
Cyanobacteria are a primeval group of photosynthetic organisms and are 
credited with the introduction of oxygen-evolving photosynthesis in the evol­
utionary process (Schopf, 1978). They play a predominant photosynthetic role in 
oceanic phytoplanktonic communities, producing ~ 60 % of the net carbon fixation 
in open oceanic systems (Johnson and Sieburth, 1979; Platt et al., 1983). Because 
sea water filters the incident sunlight allowing only blue and blue-green wave­
lengths to penetrate meters below the ocean surface (Jerloz, 1976), cyanobacteria 
have adapted to the available light quality in their aquatic niche by producing large 
quantities of light-harvesting antennae that absorb light in that range.
Cyanobacteria are obligate phototrophs that depend on sunlight for carbon fixation
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and have adapted their light-harvesting capabilities by specifically methylating a 
single conserved asparagine.
The significant results of this dissertation are as follows:
1. Chapter 2 describes the synthesis and characterization of NMA and NMG 
and their methyl ester derivatives under the conditions of peptide sequencing so that 
they can be easily and reproducibly identified in future protein systems.
2. Asparagine methylation confers improved rates of Photosystem II electron 
transfer upon cells containing the modification. These improvements are expressed 
at low orange light intensity which precisely conforms with the typical ecological 
niche of these cyanobacteria. The methylation is also shown to be associated with a 
competitive growth advantage. Based on these data, it would theoretically take 
1210 generations (3.31 years) for the methylated cells to outcompete nonmethylated 
ones to a level of 99 %. 3.31 years is an extremely short period of time on the 
evolutionary time scale. Thus a plausible selective advantage for methylation can 
be demonstrated.
3. Through the use of two 0-72 site-directed mutants, I document in Chapter 4 
that NMA optimizes energy transfer efficiency through C-PC and phycobilisomes 
by decreasing non-radiative pathways of deexcitation. These experiments represent 
the first characterization of mutants in phycobiliproteins in which the replacements 
are in the bilin binding site.
4. Chapter 5 addresses C-PC stability as a result of 0-72 modification. 
Although the mutations do not significantly affect overall free energies, they seem 
to alter dissociation of the quaternary structure and the denatured state of the 
protein.
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5. Heteronuclear NMR experiments on C-PC in which the NMA methyl 
group is isotopically labelled are presented in Appendix A. These experiments 
demonstrate that the methyl protons of NMA can be positively identified by their 
neighboring 13C-label in a myriad of a thousand other protons by both Spin Echo 
Difference and Heteronuclear Correlation Spectroscopy. Although we did not 
achieve our original goals, these data are novel because they represent the first 
example of NMR studies on such a large protein moiety.
As a result of this work there are now several questions that deserve 
experimental attention. It is obvious upon isolation of phycobilisomes that the p-72 
mutations appear to destabilize phycobilisome aggregates. The examination of C- 
PC stability represented the beginning of these studies; a thorough study of 
phycobilisome stability should be undertaken. The p-72 site is surface-accessible in 
C-PC; it is possible that NMA mediates interactions with the linker polypeptide in 
phycobilisomes that is known to be located near the p-84 chromophore.
I have shown that NMA increases nonradiative pathways of deexcitation that 
lead to improved energy transfer. It is known that bilins exhibit high fluorescence 
quantum yields in phycobiliproteins because the bilin is constrained to be linear by 
a protein scaffold. The molecular dynamics calculations suggest that NMA 
provides a unique local environment around the p-72 site in terms of chromophore 
geometry and hydrogen bonding networks. Confirmation of this unique 
environment can be done experimentally by time-resolved anisotropy studies which 
would yield information about the local dynamics of the p-84 chromophore.
It is possible that at some time in the near future calculation of the rate 
constants of energy transfer for phycobiliproteins will become feasible without the 
bewildering array of assumptions currently required. The energy transfer rate
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between two chromophores is described by the following equation (Duerring et al., 
1991):
kret = K2 / x 0 (R o /r )6 
where kret is the energy transfer rate constant, k 2 is the orientation factor of the 
transition dipole moment, to is the fluorescent lifetime, Rq is the Forster radius and 
r is the distance between two chromophores of interest. This calculation will 
require that the current crystal structure coordinates of C-PC be solved to a 
significantly higher resolution so as to better define chromophore structure. The 
chromophores in the C-PC crystal structure are defined with differing degrees of 
certainty. The p-84 chromophore, for example, is well-defined in its A and B rings 
while educated guesses have been made for rings C and D (Schirmer et al., 1986; 
1987). Uncertainties in positions and geometrical orientations of this chromophore 
could greatly influence K  -factors, which depend on the power of two, that are 
required for energy transfer rate constant determination. Thus plausible rate 
constant calculations must await the advent of a more refined crystal structure. One 
must also always remain cognizant that any calculations that utilize the current 
crystal structures ignore any contributions from linker polypeptides. Someday it 
might be possible to obtain these rate constants in an isolated structure that better 
represents the true in vivo nature of C-PC.
Finally, I have shown that the p-72 Gin mutant appears to be hemi-methylated 
by an unidentified methyltransferase. Identification of the asparagine methyl- 
transferase would lead to insight into this unusual methylation reaction. This leads 
one to wonder about the possibility of glutamine methylation in cyanobacterial 
ribosomes. This project, which was attempted in graduate school, involved the use 
of a methionine auxotroph to specifically introduce labelled methyl groups into
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cyanobacterial proteins. The project, which was terminated due to lack of 
significant radiolabel uptake into cyanobacterial ribosomes, should be further 
pursued and can probably be successfully completed with a few modifications of 
my current protocol.
It is obvious that the field of asparagine methylation is immature as there are 
many experimental questions that await answers. I envision that we are on the 
verge of solving the puzzle of asparagine methylation and its significance. It is my 
hope that NMA in phycobiliproteins will someday be the benchmark by which 
post-translational methylations are compared when discussing structure/function 
relationships.
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Appendix A
Isotope-Edited NMR Studies of C-Phycocyanin
I. Introduction
Many detailed structural studies by NMR have been successfully applied to 
proteins up to ~ 20 kDa in which every proton resonance is assigned and the 
secondary/tertiary structures of the protein are calculated. While these same studies 
can, in principle, be applied to larger systems the spectra become inordinately 
complex. Large proteins contain an abundance of protons which cause diminished 
spectral resolution. Spectral analysis of large proteins also leads to a decrease in 
sensitivity that results mainly from accelerated T2  relaxation rates which yield 
broader resonances. It is evident that an alternative approach such as isotope- 
editing must be taken to resolve resonance degeneracy. In isotope-editing, the 
resonance overlap is removed by making use of through-bond correlations via 
heteronuclear couplings that are larger than the observed linewidths. Isotope-edited 
techniques simplify spectra of complex systems by selectively detecting either the 
heteronucleus directly, or more commonly, detecting the protons which are bonded 
to the heteronucleus. 13C and 15N are both low gyromagnetic ratio spin 1/2 nuclei 
that are observable in NMR, making them useful isotopic labels that can be 
selectively introduced into specific protein sites. The application of 3D NMR 
depends on the use of these heteronuclei to determine solution structures of proteins 
as large as 153 amino acids, as demonstrated by the example of interleukin 1(3 
(Driscoll et al„ 1990). This technique has also yielded information about peptide 
antigen binding to the Fab fragment of a monoclonal antibody (56 kDa) (Tsang et 
ah, 1992) and binding of pepsin to an inhibitor complex (MW ~ 35,000) (Fesik et 
ah, 1988).
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In the present study isotope-edited NMR is used to selectively probe the local 
environment around NMA in the phycobiliprotein C-phycocyanin (dimer = 70 
kDa). The NMA site has been selectively labelled through an exogenous source of 
[ ^ C-methy[\ -methionine provided to a methionine auxotrophic strain of the cyano­
bacterium Synechococcus PCC 7942. The selective labelling of NMA provides a 
unique opportunity to study this site and its interactions with the fluorescing 
chromophore. This study was intended to elucidate possible changes in NMA- 
chromophore environment as a function of protein aggregation state. Determination 
of intermolecular contacts between NMA and the chromophore as a function of 
aggregation state may ultimately lead to an understanding of the likely relationship 
between phycobilisome light-harvesting efficiency and this unusual post-trans- 
lational modification. This project was filled with technical difficulties that are 
mostly attributed to the large molecular weight of the protein of interest Although 
the original goals of this project to study the NMA environment as a function of 
aggregation state were not fulfilled, there are some enlightening conclusions from 
this work. Several isotope-edited pulse programs have been successfully applied 
to the dimeric form of C-PC (70 kDa) to yield the assigned resonances of both 
NMA and three protein methionines. The optimization of several isotope-edited 
nOe pulse routines and their application to C-PC will be discussed.
II. Materials and Methods
Sample Preparation. C-PC labelled with [13C-methyl] -methionine was 
prepared by growing a methionine auxotroph (Metl) of Synechococcus PCC 7942 
in BG-11 growth media supplemented with 30 pg/ml [1 ^ C-methyl] -methionine.
This auxotroph was obtained from the Pasteur Institute Group (Tandeau de Marsac
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et a i, 1982). Radiolabelled methionine is incorporated into phycobiliproteins with 
no metabolic dilution as determined by Professor Klotz. [l^C-methyl]-Methionine 
labels only the methionine methyl groups and protein NMA; no other amino acids 
utilize the biosynthetic precursor S - adenosylmethionine, whose methyl group is 
labelled under these conditions. It was inferred from the DNA coding sequence of 
PCC 7942 C-PC that the protein of interest contains 3 and 0 internal methionines in 
the P and a  subunit, respectively. This analysis ignores the polypeptide chain 
amino terminal methionines which are largely removed from the mature C-PC 
subunits in PCC 6301. Radiolabelled amino acid analysis of Metl C-PC reveals 
3.3 methionine per methylamine (the acid hydrolysis product of NMA), consistent 
with the expectation that the A-terminal methionines are removed.
C-PC and APC were purified by the standard ion exchange chromatographic 
methods described earlier to spectral purity as determined by their A620/650- The 
purified proteins were examined for the absence of linker polypeptides by 12 %
SDS - PAGE with Coomassie G-250 staining.
As a prelude to NMR measurements on C-PC the control of phycobiliprotein 
aggregation state by chaotropic salts was examined. PCC 7942 C-PC and APC in 
the 1-2 mM (36-72 mg/ml) concentration range migrate as dimers and trimers, 
respectively, on Sephacryl S-200 in 20 mM NaPC>4 (pH 7.0). At the same high 
protein concentration in the presence of 20 mM NaPC>4 (pH 7.0) containing 1 M 
NaClQ4  both phycobiliproteins are dissociated to their monomeric forms ([a(3]=36
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kDa) as reported by others (MacColl et ah, 1989). Phycobiliprotein monomers 
produced by the action of chaotropic agents or acid dissociation have been charac­
terized in the literature by circular dichroism and Resonance Raman spectroscopy 
and behave as representatives of the native protein (Csatorday et al., 1984,
Szalontai et a l, 1989).
C-PC and APC were prepared for NMR studies by extensive dialysis in the 
volatile buffer 10 mM NH4AC, followed by dialysis in 1 mM NH4AC to minimize 
residual acetate. The proteins were repeatedly rinsed in 99 % D2 O and lyophilized. 
The dried lyophilizate was reconstituted in 20 mM NaPC>4 (pH 7.0), 1 mM NaN3 
in a total volume of 0.5 ml to yield a final concentration in the range of 1-3.5 mM 
(40-120 mg/ml).
Data Collection. All spectra were acquired using a 5 mm broad band 
inverse detection probe on a Bruker AMX spectrometer at 500 MHz proton 
frequency. 13C detection was recorded at 125.76 MHz. Proton and 13C 
decoupling were accomplished by using die WALTZ-16 (Shaka et al., 1983) and 
GARP sequences, respectively. All spectra were recorded at 292-298 K. 
Suppression of the solvent resonance was achieved by selective low power (hl2 =
70 dB) presaturation during the recycle delay (2 sec) and the mixing time where 
applicable.
Pulse Routine Descriptions. All subsequently described pulse routine 
programs for Bruker AMX 500 are present in Appendix B.
Spin-Echo Difference. Isotope-editing is an extremely powerful method to 
reduce the complexity of an NMR spectrum. The isotope-edited pulse sequences 
employed in this study include the spin echo difference, 2D heteronuclear 
correlation and the isotope-directed and -detected nOe experiments. The spin echo
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difference (SED), shown in Figure A-l, is an experiment which results in a proton 
spectrum that displays resonances of only protons bonded to a heteronucleus 
(Tsang et al., 1991). To achieve this effect the SED selectively inverts the 
magnetization of protons coupled to a heteronucleus. The basic pulse sequence 
involves the use of a Hahn spin-echo sequence in which protons bonded to a 
heteronucleus are refocused at time 2x (t = 1/(2J)), assuming that the homonuclear 
scalar coupling constant is less than t*1 (Tsang et al., 1991). After x = 1/(2J) (3.57 
msec for methionine) a 180° proton and heteronuclear pulse are simultaneously 
applied. Finally, after an additional 1/(2J) period the transverse magnetization of 
the heteronuclear protons refocus on the +y axis while all other protons are found 
in -y. This pulse routine is phase cycled with alternate acquisition of 0° and 180° 
heteronuclear pulses. The differences of these two acquisitions provides a 
spectrum in which the heteronuclear protons are observed. Acceptable signal:noise 
was obtained by acquiring ~ 8000 scans (~ 8 hours acquisition time).
Heteronuclear Correlation. Modification of the spin-echo sequence to two 
dimensions results in a heteronuclear correlation (hetcor) experiment, also 
commonly known as the "forbidden echo" (Bax et a l, 1983). Figure A-l shows 
the hetcor pulse routine. The ID spin echo sequence is altered to obtain a hetcor by 
inserting a ti variable delay between the two heteronuclear 90°± x pulses. The 
180° proton pulse occurs at the midpoint of ti. The resulting two-dimensional map 
displays 13C chemical shifts in o>i and the correlated proton chemical shifts in 0)2 . 
The hetcor was typically acquired for 96 scans, 200 Fi slices, for a total acquisition 
time of approximately 12 hours. Both the SED and hetcor were first implemented 
on the small model compound [13C-mediy/]methionine from which 13C 90° pulses 
and GARP decoupling parameters were obtained.
a. 1D Spin Echo Difference
H
|  decouplingX
b. 2D Hetcor
H
([decouplingx
Figure A-l. Pulse sequence diagrams. The thin bars 
represent 90° pulses while the thick bars 180° pulses. 
x is the delay period and is equal to 1/(2J).
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c. 1D isotope - directed nOe
H m
X I I |decoupling I
d. 2D Isotope - directed NOESY
H 1 m
x |  decoupling I
1D Isotope - detected nOe
presat on/off resonance J
j decoupling
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Isotope-directed!detected nOe. In addition to the scalar coupling obtained in 
the spin echo difference and hetcor, intemuclear distance information can be 
obtained through the application of nuclear Gverhauser effect (nOe) experiments. 
Two complementary pulse routines were used in which the nOe is generated at 
either selected unlabelled protons (isotop^-detected) or at the 13C-bound proton 
(isotope-directed). These pulse routines are shown in Figure A-l. The isotope- 
detected nOe strategy employs selective presaturation of the unlabelled proton 
resonance with difference decoupling to effectively observe only those protons 
bonded to 13C that demonstrate an nOe (Weiss et al., 1985). Isotope-detected nOes 
are detected by taking two spectra, with and without broadband heteronuclear 
decoupling. The nOe spectra are observed as a second order difference spectrum in 
which the presaturation on/off resonance routine is subtracted either with or without 
broadband heteronuclear decoupling. By this method the proton resonances 
unaffected by heteronuclear decoupling are eliminated, while those that are affected 
appear as an antiphase triplet resonance with a spacing of J/2 between triplet 
components (Tsang et al., 1991). The complementary technique of isotope- 
directed nOe detection is based on the perturbation of proton single quantum 
coherence during the evolution period under heteronuclear scalar couplings (Ranee 
et al., 1987). This technique does not require selective pre-irradiation, which is 
advantageous in cases where the irradiated resonances are close in chemical shift to 
possible nOes. This pulse routine is simply an extension of the spin echo 
difference in which a selective population inversion of heteronuclear protons is 
achieved through the use of the Bilinear Rotation Sequence (BIRD) (Garbow et al., 
1982). The population inversion is followed by a (xm - 90°x - acquire) nOe relay. 
The first heteronuclear 90°x pulse is phase-cycled between 0° and 90° to result in
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the acquisition of alternate spectra with either a 180° or 0° heteronuclear pulse. The 
resulting experiment yields a spectrum in which nOes are observed for protons that 
cross relax with the heteronuclear protons. This pulse program is easily modified 
to two dimensions by the addition of two incremental delays to the x (= 1/(2 J)) 
periods.
Pulse Routine Optimization. The implementation of the isotope-directed 
and -detected nOe pulse routines required extensive preliminary optimization due to 
the requirement for maximal sensitivity of nOes, which are typically only a few 
percent. The model compound, [13C]-l-glucose, which demonstrates an nOe 
between H2(5 and H ip, was used for this purpose. Several factors were addressed 
in obtaining optimimal nOe detection in glucose: solvent presaturation, hetero­
nuclear decoupling, quadrature detection and "phase settling." Suppression of the 
water signal was accomplished by low power irradiation (hl2 = 70 dB) during the 
relaxation delay (2 sec) and mixing times. This method proved to be effective on a 
large protein in D2O as the resonances of interest are far in chemical shift from the 
solvent resonance. It might be worthwhile to pursue alternate methods of solvent 
suppression for comparative purposes due to the possible problematic effects of 
saturation transfer that is prevalent in large systems (Stoez et al., 1978). This 
causes a loss of magnetization, thereby decreasing sensitivity. An alternative 
method of solvent presaturation is the frequency-selective jump-retum sequence 
(90°x - x - 90°x). This sequence would simply replace the 90°x proton pulse in the 
-detected and -directed as well as the 180°x pulse in the -directed sequence (Tsang 
e ta l ,  1991).
Heteronuclear decoupling as applied by the GARP sequence was optimized on 
[ 13C-mef/zyI]methionine. The goal for setting decoupling parameters in NMR is to
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use the lowest possible power level in order to achieve the desired effect. This 
advice is particularly important because pulsing the sample with excess power 
causes heating. Thermal heating in nOe difference experiments is a major cause of 
incorrect subtraction and leads to a loss in sensitivity. Decoupling was applied by 
setting the transmitter at the center of the methionine methyls (SF02 = 125.761218 
MHz, 02  = 1218 Hz), the power level (dLO =19 dB) and a pulse length of 70 
psec. This provides an effective decoupling window of 2.1 ± 3.5 ppm, which is 
more than adequate. These settings were shown to be optimal for the power levels 
in the range of 16-19 dB. Decoupling might be just as effective at an even lower 
power level (dLO = 20-22 dB) coupled with a longer pulse length (-120 psec) to 
produce the effective decoupling window.
"Phase settling" is a problem that is specific to Bruker spectrometers in which 
there is residual pulse following the designated one in a routine. Because of this 
residual pulse simultaneous application of pulses cannot be accomodated without a 
brief delay (dl3 = 3 p.sec). The effectiveness of various combinations of dl3
delays was measured by the evaluation of signaknoise by volume integration of the 
H2oc nOe relative to the H ip peak. It was found that insertion of two dl3 delays 
optimized nOe detection on [13C]-1-glucose and resulted in a 27% increase in H2a 
nOe volume. The addition of delays to the two-dimensional NOES Y has no 
consequence on signaknoise as expected, due to the incremental delays (dO) that 
serve this purpose.
Finally, the sensitivity of nOe detection was optimized through the judicious 
use of phase-cycling to effect quadrature detection. Various phase-cycling routines 
were examined that include the minimal two step sequence (ph2  = 0  2 ) for isotope- 
directed nOes and four-step sequence (ph2 = 0 0 2 2 )  for isotope-detected nOes;
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the maximal eight and sixteen step CYCLOPS sequence was also tried for -directed 
and -detected, respectively. It was found that the minimal phase cycle yielded a 14 
% increase in H2a nOe volume relative to the standard CYCLOPS sequence, 
indicating that there is incomplete subtraction in the phase-sensitive receivers that 
leads to sensitivity loss in the experiment. Figure A-2 shows examples of each 
pulse routine as run on [13C]-1-glucose.
III. Results and Discussion
The proton resonances of the NMA and methionine methyls were assigned 
by spin echo difference, an example of which is shown in Figure A-3. The proton 
resonances which are approximately 140 Hz in width due to 13C scalar coupling are 
assigned as follows: 2.71 ppm = NMA, 2.1 ppm = met. These proton assignments 
agree with previous work that demonstrated a chemical shift of 2.73 ppm for NMA 
as a free amino acid (Klotz et al., 1990) and 2.1 ppm for methionine in peptide 
samples (Wuthrich, 1985). The broad undefined resonances in the area of 1 - 2 
ppm are due to natural abundance 13C nuclei present in aliphatic side chains. The 
13C-1H hetcor confirmed these proton assignments and yielded 13C assignments 
(see Figure A-4). The core protein of the phycobilisome, allophycocyanin (APC), 
which shares sequence homology with C-PC, yielded identical resonance 
assignments for both NMA and methionine. However, there were three resolved 
resonances for NMA in both the SED and hetcor, which can be interpreted as three 
distinct chemical environments for NMA. The SED and hetcor worked heroically 
well and provided acceptable resolution and sensitivity considering that the sample 
has a molecular weight of 70 kDa.
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H l a
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5 . 5 5 . 0 4 . 5 4 . 0 3 . 5 3 . 0
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Hip
H la
1 I r  i ————— ——| i
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Figure A-2. 13C edited glucose spectra. A, Proton spectrum was obtained by 
collection of 28 scans without solvent presat or GARP decoupling; B, Spin echo 
difference was obtained for 256 scans with solvent presat and GARP decoupling; C, 
ID Isotope-detected nOe was obtained for 128 scans without solvent presat H2p 
(3.24 ppm) resonance presaturated for 800 msec. nOe identified at 4.64 ppm as 
Hip; D, ID isotope-directed nOe was obtained for 128 scans without solvent presat, 
mixing time = 800 msec. nOe identified at 3.2 ppm as H2p.
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Figure A-3. Spin echo difference of C-Phycocyanin. 
This spectrum was obtained by collection of 
8192 scans. Spectrum apodized with 
10 Hz line-broadening.
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Figure A-4. Heteronuclear correlation of 
C-Phycocyanin. Carbon and Spin echo 
difference spectra are superimposed on 
the FI and F2 dimensions, respectively. 
The 2D spectrum was obtained by 
collection of 96 scans for each of 200 slices 
in FI.
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Isotope editing by 13C labelling of NMA provides an exclusive probe of this 
residue in a mass of thousands of other protons. Armed with the resonance 
assignments, the local environment of NMA in C-PC was probed by isotope- 
directed and -detected nOe spectroscopy. The goal of these studies was to verify 
the crystallographic observation that the NMA methyl protons are within van der 
Waal's contact of the fluorescing chromophore. The crystal structure of C-PC 
from Mastigocladus laminosus, which is in a trimeric form, argues that the NMA 
methyl protons and the methylene side chain protons of tetrapyrrole ring B 
propionic acid side chain are at a distance of less than 2 A from each other 
(Schirmer et al., 1986). The crystal structure predicts several other interproton 
distances between NMA and nearby protons which would be expected to 
demonstrate through-space nOes. These data are tabulated in Table A-l. Bilins 
have been extensively characterized by spectroscopic methods that include NMR. 
Bishop et al., 1986 have reported the proton assignments for phycocyanobilin 
(PCB) in a tripeptide. The bilin 8 -CH2  protons resonate at 3.09 and 3.17 ppm in a 
solvent system of either 10 mM TFA/D2O or [^s]-pyridine in which the bilin is 
likely to be in a cyclohelical conformation, unlike the linear conformation in 
phycobiliproteins. These resonances were used in our nOe studies despite the 
different solvent systems because they were the only known reference of PCB 
proton resonance assignments.
The original goal of these studies was to obtain quantitative distance infor­
mation between the 13C labelled NMA methyl group and protons of the nearby 
chromophore as a function of aggregation state. Experiments that yield through- 
distance information are based on the nOe, which can simply be defined as the 
change in intensity of an NMR resonance when the transitions of a nearby
Table A-l. NMA Methyl Proton Nearest Neighbors
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NMAA-CH3 - 4  
Neighboring Proton
Distance (A) Chemical 
Shift (ppm)a
bilin 8 -CH2CH2COOH 1 .8 8 3.09, 3.17
bilin 8 -CH2CH2COOH 3.02
Arg-80 e-NH 3.24
bilin 8 -CH2CH2COOH 3.39
bilin 7 -CH3 3.41 2.07
Gly-123 a-CH 4.20 4.24
bilin 8 -CH2CH2COOH 4.34 2.84
bilin 7 -CH3 4.98
bilin 8 -CH2CH2COOH 5.70
Arg-80 a-CH 5.84
bilin 8 -CH2CH2COOH 5.89
bilin 8 -CH2CH2COOH 5.93
Arg-80 a-CH 7.27
aBishop et al., 1986.
'AAA/' C ys *AAA/*
HOOC COOH
CH CH
CH
C
PHYCOCYANOBILIN
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resonance are perturbed. The nOe is based on dipolar relaxation and can be simply 
construed as a type of Ti relaxation. The nOe experiment is an intrinsically 
insensitive experiment in large proteins which can lead to monumental problems.
The intrinsically poor resolution and sensitivity that plagues high molecular weight 
systems is compounded when the observation of nOes is desired. nOe spectra in 
large systems such as proteins can be very complex due to the increased number of 
protons available for cross-relaxation and the increased probability of spin- 
diffusion effects (Neuhaus and Williamson, 1989). It is typical in nOe studies to 
determine the optimal mixing time that maximizes nOe sensitivity in the absence of 
spin diffusion. The most appropriate mixing time for C-PC was determined 
through the use of 1H-1H nOes with presaturation at either 3.19 or 2.73 ppm. It 
was estimated that a mixing time of 25-50 msec was optimal due to the fact that 
these times were the shortest in which first order nOes were observed.
Establishment of mixing times was not possible by using the -directed sequence 
due to the absence of putative nOe buildup as a function of increasing mixing time. 
Figure A-5 shows ID isotope-directed nOes on C-PC carried out using a range of 
mixing times. A detailed study of these spectra yields no identifiable nOe whose 
signabnoise increases with the number of scans. The 2D version of this 
experiment, which is not shown, yields only scalar-coupled resonances. 
Unambiguous identification of putative nOes requires the application of this 
experiment to C-PC in the absence of exogenous 13C label. Isotope-directed and 
spin echo difference spectra were obtained on the unlabelled sample to positively 
identify peaks due to natural abundance 13C and are shown in Figure A-6. The 
complementary isotope-detected strategy was used to detect potential NMA methyl 
protons that demonstrate an nOe to the chromophore. Figure A-7 shows
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t m = 25 msec.
NMA
1 . 0 o.o4 . 0 3 . 0 2 . 0
ppm
b. xm = 50 msec.
NMA
1 . 0 0.03. 0 2.0
ppm
Figure A-5. Series of isotope-directed nOe’s on 
C-Phycocyanin. Spectra were acquired with 
varying mixing times from 25 - 150 msec.
16,384-32,678 scans collected for each 
spectrum.
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%m = 100 msec.
NMA
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ppm
xm = 150 msec.
NMA
2.0
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Figure A-6. Unlabelled C-Phycocyanin Spectra. 
Spectra were collected for 8192 scans.
a. Isotope-directed nOe, xm = 50 msec.
b. Spin echo difference.
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Figure A-7. Isotopc-detected nOe on C-Phycocyanin. 
Spectra were acquired for 61,440 scans with a 
mixing time of 50 msec. Presaturating resonance 
was 3.19 ppm.
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the results of this experiment in which the resonance at 3.19 ppm is presaturated. 
Both NMA and methionines resonances are observed but these are not likely to be 
nOes; presaturation off-resonance (control) yields a similar spectrum. 2D NOESYs 
that utilize 1/2 x filters in either F2 or FI were also attempted and yielded 
heteronuclear correlations with no detectable nOes (Leupin et al., 1990, Otting and 
Wuthrich, 1990).
Suggestions and Possibilities for Future Experimentation. nOe
detection in large protein systems is becoming increasingly popular and there is a 
fair amount of recent literature on the optimization of nOe detection in these 
systems. Several important factors must be considered in order to successfully 
detect nOes in any large system. Spin-spin relaxation (T2  relaxation) is extremely 
efficient in large protein systems due to the abundance of potential dipolar 
interactions among protons. This efficiency degrades nOe sensitivity due to 
increased spin-diffusion effects. Fractional deuteration is an alternative method to 
decrease the effective magnetization transfer pathways in large systems, thus 
reducing spin diffusion. Several researchers have used this method to increase 
spectral resolution and sensitivity (LeMaster and Richards, 1988; Tsang et al.,
1990; Reisman et al., 1991). This experimental method was unfeasible for our 
system due to the prohibitively high cost of supplementing large quantities of 
cyanobacterial cell culture to effect partial deuteration.
There is a possibility that no nOes were observed due to the short T2 of C-PC. 
Spin-spin relaxation or T2 relaxation is important in nOe experiments which utilize 
a spin-echo sequence such as the isotope-directed sequence. Under these 
conditions there is a net loss of magnetization in the x-y plane that reduces nOe 
sensitivity due to dephasing of spins during the 2x period. The possible T2
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relaxation pathways existent in the 70 kDa C-PC are likely to be extensive and 
efficient due to the large numbers of protons making the effective T2  short in 
duration. The optimal x in the spin-echo experiment = [tan-1 (tzJT^kJ)] (Tsang et 
al., 1991). This value x should be set to a value less than 1/(2J) as T2  decreases, 
which ensures a net magnetization during the nOe relay. T2  is manifested as the 
inverse of the linewidth; one contributor to linebroadening is magnet 
inhomogeneity. Thus it is imperative in these experiments that shimming and 
tuning of the spectrometer is at its optimum. Net loss of magnetization can also 
occur if the acquisition time is longer than T2 . For this reason it is typical in 
heteronuclear experiments to use a decreased digital resolution of 2-3 Hz/point or 
more (Derome, 1987). Tsang et al., 1990 uses an acquisition time of 0.4 sec (2.5 
Hz/pt) for a 56 kDa Fab fragment The data documented for C-PC are collected 
with an acquisition time of 0.7 sec; this can surely be reduced by a factor of two.
Appendix B
Isotope-Edited NMR Pulse Routines 
for B ruker AMX 500 MHz Spectrometer
1. ID  isotope directed  nOe
;modified from Ranee, M., Wright, P., Messerle, B.& Field, L. 
;(1987) J. Amer. Chem. Soc. 109: 1591-1593 by Beth Ann Thomas.
1 ze
2 dl2 do hl2 
pl8  phO 
d l2 h ll 
p i  phi 
d2dhi 
p3:d ph2 
d l3
p2 ph3 
dl3
p3:dph5 
62 dlo 
p i  ph4 
d l2  hl2 
p9
dl2 hll 
p i  ph6
go=2ph31 cpd 
dl 1 do wr #0 
exit
phO = 0 
phi = 0 0 
ph31 = 0 2 
ph2 = 0 0  
ph5 = 0 2  
ph3 = 0 0  
ph4 = 0 0 
ph6= 0 0
;pl =90 degree transmitter pulse
;p2 =180 degree transmitter pulse
;p3 = 90 degree decoupler pulse
;p9 = mixing time delay
;pl8 = solvent presat pulse= 2 sec
;d2= l/(2j(xh)) = 3.57 msec for methionine
;dl 1 = 30 msec delay for disk I/O
;dl2 = 20 usee delay for power switch
;hl2 = power for presat= 70 dB
;hll = decoupler high power level= 1 dB
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;dL[0] sets power level for 13C decoupling= 19 dB 
;p31 sets pulse length for GARP decoupling= 70 psec
2. 2D isotop ^ -directed  NOESY
;modified from Ranee, M. et al.by Beth Ann Thomas. 
;(1987) / .  Amer. Chem. Soc. (1987) 109: 1591-1593.
1 ze
d l ip5
2 dl2  do hl2 
d l dp5 
p l8ph0  
d l2  hll
p i  phi 
d2 dhi 
dO
p3:d ph2 
dO
p2 ph3 
dO
p3:d ph5 
62 
60
p i  ph4 
d l2  hl2 dlo 
p9
dl2 hll 
p i  ph4
go=2ph31 cpd 
d l l  do w r#0 if # 0 idOip5 zd 
lo to 2 times tdl 
exit
phO = 0 
phi = 0 0  
ph31 = 0 2 
ph2 = 0 2  
ph5 = 0 1 2 3 
ph3 = 0 0  
ph4 = 0 0 
ph6= 0 0
;pl = 90 degree transmitter pulse
;p2 =180 degree transmitter pulse
;p3 = 90 degree decoupler pulse
;p9 = mixing time delay
;pl8 = solvent presat pulse = 2 sec
;p31 = pulse length for X decoupling = 55 usee
;dl = relaxation delay
;d2 = l/(2j(xh)) = 3.57 msec for methionine
;dl2 = 20 usee delay for power switch
;hl2 = power for presat = 70 dB
;hll = ldB hi power h pulse
;dl 1 = 30 msec delay for disk I/O
;dL[0] sets pulse level for 13C decoupling = 19 dB
;p31 sets pulse length for GARP decoupling= 70 usee
;inO =1/(2 * sw)
;tdl = number of experiments 
;ns = 8 * n
;D0 = incremental delay = 3 usee
3. ID Isotope-detected nOe
;modified from Weiss, M., Redfield, A., & Griffey, R. (1986) 
'yProc. Natl. Acad. Sci. 83: 1325-1329 by Beth Ann Thomas.
1 ze 
2 d l2  
d l2  hl2 do 
pl8phO  
d l2  hl3 o l
p6ph6  
d l2  hll o l 
p i  ph i 
d2 dhi 
p3:d ph2 
dl3 
p2 ph3 
dl3
p3:dph5 
d2 dlo
go=2ph31 cpd 
d l l  do w r#0 
exit
phO = 0 
ph6 = 0 
phi = 0 0 0 0  
ph31 = 0 2  2 0  
ph2= 0 0 0 0  
ph5 = 0 0 2 2  
ph3 = 0 0 0 0
;pl = 90 degree transmitter pulse
;p3 = 90 degree decoupler pulse
;p6 = presat on/off resonance pulse
;d2 = l/(2j(xh)) = 3.57 msec for methionine
;dl2 = 3 msec delay for power switch
;hl2 = power for presat = 70 dB
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;hll = ldB high power proton pulse
;dl 1 = 30 msec delay for disk VO
;dL[0] = power level for 13c decoupling = 19 dB
;p31 sets pulse length for Garp decoupling = 70 usee
;define FI list (irradiation frequencies)
FI list is arranged as follows;
0 500.13
on resonance offset 
carrier
off resonance offset 
carrier
4. Inv90dlo.au
;modified by Jeff Nelson
;for measuring 90 deg X pulse with low power
1 ze
2 d l do dlo
3 p i phi 
4d2
5 p31:d ph2
6 go~2 ph3
7 wr#0
8 exit
phl= 0 2 2 01 3 3 1 
ph2=0
ph3= 0 2 2 0 1 3 3 1
; dl = recycle delay, about Is
; p i = 90 degree proton pulse
; d2 = l/(2j(x-h)) = 3.57 ms for methionine
; p31 variable x nuc excitation pulse
; pw= 0
;rd= 0 dp = lh
; f  1 proton freq
; f2 = x nucleus frequency
; dl[0] gets power for carbon low power pulses
5. ID  Spin echo difference
1 ze
2 d l2  do hl2 
p l8  phO 
d l2  hll
p i  ph i 
d2 dhi 
p3:dph2 
p2 ph3 
p3:d ph5 
62 dlo
go=2 ph31 cpd 
d l 1 do wr #0
exit
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phO = 0
phi = 0 0 2 2 1 1 3 3 
ph31 = 0 2 2 0 1 3 3 1
ph2 = 0 0
ph5 = 0 2
ph3 = 0 0 2 2 1 1 3 3 
ph4 = 0 0 2 2  1 1 3 3  
ph6 = 0 0 2 2 1 1 3 3
;pl = 90 deg transmiter pulse 
;p3 = 90 deg decoupler pulse 
;dl = relaxation delay 
;d2 = l/(2j(xh))
;dl2 = 20 usee delay for power switch
;hl2 = power for presat
;hll = ldB hi power pulse
;dl 1 = 30 msec delay for disk I/O
6. 2D Heteronuclear correlation
;modified from inv4 by Jeff Nelson to include presaturation
;2D H-l/X correlation via heteronuclear zero and double quantum coherence
;with decoupling during acquisition and solvent presaturation
;A. Bax, A., Griffey, R.H. & Hawkins, B.L. (1983) J. Magn. Res. 55:
301.
1 ze
2 d l2  do hl2 
p!8ph0  
d l2  hll
3 p i  phi 
d2 dhi 
p3:d ph3 
dO
p2 ph2
dO
p3:dph4 
dl3 
d2 dlo
go=2ph31 cpd 
d l l  do w r#0 if#0 id0zd  
lo to 3 times tdl 
exit
phO = 0 
phi = 0  
ph2 = 0
ph3 = 0 1 2 3
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ph4 = 0 0 0 0 2 2 2 2  
ph31 = 0 3 2 1 2 1 0 3
;pl = 90 degree transmitter pulse
;p2 = 180 degree transmitter pulse
;p3 = 90 degree decoupler pulse
;pl8 = solvent presat pulse = 2 sec
;p31 = pulse length for X decoupling = 55 usee
;dl = relaxation delay
;d2 = l/(2j(xh)) = 3.57 msec for methionine
;dl2 = 20 usee delay for power switch
;hl2 = power for presat = 70 dB
;hll = ldB hi power h pulse
;dl 1 = 30 msec delay for disk I/O
;dL[0] sets pulse level for 13C decoupling = 19 dB
;inO =1/(2 * sw)
;tdl = number of experiments 
;ns = 8 * n
;D0 = incremental delay = 3 usee
Appendix C
Compendium of CHARMM Computer files
1. Program RDO_TO_CHARMM.FOR (written by Jeff Nelson).
C This program takes a Huber RDI format file, and creates a CHARMM 
C coordinate file.
C
C input file name read from terminal.
C input file, Tape 10, coordinates: (from "RDI" coordinate file)
C
C line
C 1 1.0, 1.0, 1.0, 90.0, 90.0, 90.0 (scales and angles?)
C 2 "CAQ, B72=NMA" (ID header)
C 3 "X Y Z B TYPE IRES ENTRY WEIGHT SEQ RES ATOM"
C 4... X,Y,Z,B,Type (1,2,3, or 4), res#, atom#, weight, AA type,
C chain & res.#, atom type (N, CA, CB, etc.)
C 4F10.5, 315, f9.4,lX, A3, A4 (right-just, eg ’ B72’), 3X, A4)
C note: chain and res # are combined. You must extract both chain
C and res. # from it.
C
C output file, Tape 20: (CHARMM format)
C
C line
C 1... Header lines, starting w i t h T h e  last header line
C has only in column 1.
C 2 '! NATOM' (optional)
C 3 Number of atoms, (15)
C 4 '1ATNO RESNO RES IUPAC X Y Z SEGID RESID WEIGHTS'
C (optional)
C 5 Atom#,Res#,Res name,Atom name,X,Y,Z,SegID,ResID,Weights
C (I5,I5,1X,A4,1X,A4,3F10.5,1X,A4,1X,A4,F10.5)
C Example:
C* CYC AND NMA TEST, DEFAULT STRUCTURE
C* DATE: 11/9/89 12:32:45 CREATED BY USER: HARRELL
C*
C 85
C 1 1 ALA HT1 -4.09957 -4.03659 0.00000 CYC 1 0.00000
C 2 1 ALA HT2 -4.16371 -2.56747 -0.84901 CYC 1 0.00000
C 3 1 ALA N -3.79550 -3.04204 0.00000 CYC 1 0.00000
C 4 1 ALA HT3 -4.16371 -2.56747 0.84901 CYC 1 0.00000
C
C Assign variables 
C
character*50 header,ignstr 
character* 3 resnam, oldnam 
character*4 segid
character*4 atmnam,resseq,resnum,oldres 
character*! chnid
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character*63 fname
integer natm,nat,nres,ichar,nter
real x,y,z
C
C
write(6,900)
900 formatO File name (.dat extension if not specified): ',$) 
read(5,910)fname 
910 format(a)
open (unit=1O,status='old’,name=fname,
2 carriagecontrol-list') 
ind = 1
do while ( (fname(ind:ind) . n e . . a n d .  (ind .le. 59)) 
ind = ind + 1 
end do
if (ind .gL 59) ind = 59 
if (fhame(ind:ind) .eq .'.’) ind = ind - 1 
fname = fname(lrind) 
fname(ind+l:ind+4) = '.quanta'
open (unit=20,status-new',name=fname,carriagecontrol='list') 
write(6,920)fname 
920 format(' Output file name = \a63) 
write(6,930) 
read(5,94Q)segid 
930 format(' Segment ID: ',$)
940 format(A)
C
C *** ignore first 3 lines ***
C
read(10,1300)ignstr 
read(10,1300)header 
read(10,1300)ignstr 
1300 format(a50)
C
C *** now write header lines to CHARMM file ***
C
write(20,2050)header 
2050 formate* \A50J,'* converted from .RDO f i l O ' )
C
C *** read and write until a solvent molecule is read *** 
C
natm = 0 
oldres = ' '
300 read (10,3000) x,y,z,nat,resnam,resseq,atmnam 
3000 format (3F10.5,10X,5X,5X,I5,9x,lx,a3,a4,3x,a4) 
if (resnam .eq. 'SOL') goto 500 
if (resnam .eq .' ') resnam = oldnam 
if (atmnam .eq. 'NEH1') atmnam = 'NH1 ' 
if (atmnam .eq. 'NEH2') atmnam = 'NH2 ' 
if (atmnam .eq. 'OEH') atmnam = 'O H ' 
if (resnam .eq. 'CAR') then
269
resnam = oldnam 
atmnam = 'OT1 ’ 
end if
oldnam = resnam
C *** convert resseq into chain ID and nres, res# *** 
ichar = 1
do while ((resseq(ichar:ichar) .eq. ’ ’) .and.
2 (ichar .le. 4 )) 
ichar = ichar + 1 
end do
chnid = resseq(ichar:ichar) 
resseq(ichar:ichar) = ’ ’ 
resnum = resseq 
oldres = resnum 
natm = natm + 1
C *** write to CHARMM file ***
C Atom#,Res#,Res name A  tom name,X,Y,Z,SegID,ResID,Weights
C (I5,I5,1X,A4,1X,A4,3F10.5,1X,A4,1X,A4,F10.5)
C 1 1 ALA HT1 -4.09957 -4.03659 0.00000 CYC 1 0.00000
C 2 1 ALA HT2 -4.16371 -2.56747 -0.84901 CYC 1 0.00000
write(2G,4000) natm,resnum,resnam,atmnam,x,y,z,chnid,resnum,0.0 
4000 format (I5,1X,A4,1X,A3,2X,A4,3F10.5,1X,A1,3X,1X,A4,F10.5) 
goto 300
C
C *** We're now done. ***
C
500 continue 
stop 
end
2. Program PCAQBDEL.FOR (written by Jeff Nelson).
C Program pcaqbdel.for (written by Jeff Nelson).
C This program renumbers the sequence of the B subunit of PC to be continuous. 
C after residue number 72.
C File looks like:
C PCAQ, p72=NMA 
C converted from RDO file 
C
C 0
C 1285 1 MET N 22.84000 3.71351 14.83500 B 1 0.00000
C 1286 1 MET CA 24.00250 2.95921 14.36500 B 1 0.00000
C ...
integer resnum jesid 
character*5 charl 
character*45 char2 
character* 10 char3 
character* 80 line
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C Read in filename of formatted structure for Charmm.
open (unit=10,status-old1 ,name='pcmlnmatrimer_b.qua\
2 carriagecontrol='list')
C Define output sequence.
open (unit=20,status-new',name='pcmlnmatrimer_brn.qua',
2 carriagecontrol='Iist')
C Read and write 
C First four lines just echoed 
do i = 1, 4 
read(10,50)line 
write(20,50)line 
50 format(a80) 
end do
100 read(10,1000,end=300)charl resnum,char2,resid,char3 
1000 format(a5,i5,a45,i5,al0)
if (resnum .gt. 72) resnum = resnum - 2 
write(20,1000)char 1 ,resnum,char2,resnum,char3 
goto 100 
300 stop ' done with conversion.' 
end
3. Program  pcmlbld.inp
♦build pcmlbeta subunit psf and coordinate file.
*
! read in topology and param eter files 
OPEN UNIT 1 READ FORM NAME BHTOPH.RTF 
READ RTF CARD UNIT 1 
close unit 1
OPEN UNIT 1 REASD FORM NAME BHPARAM6_25.PRM 
read param card unit 1 
close unit 1
!read the sequence from this input file:
read sequ cards *
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ala tyr asp val phe thr lys val val ser gin ala asp ser arg gly glu phe leu 
ser asn glu gin leu asp ala leu ala asn val val lys glu gly asn lys arg leu 
asp val val asn arg ile thr ser asn ala ser thr ile val thr asn ala ala arg 
ala leu phe glu glu gin pro gin leu ile ala pro gly gly 
NMA ala tyr
thr asn arg arg met ala ala eye leu arg asp met glu ile ile leu arg tyr ile 
thr tyr ala ile leu ala gly asp ala ser ile leu asp asp arg cys leu asn gly 
leu arg glu thr tyr gin ala leu gly thr pro gly ser ser val ala val gly ile 
gin lys met lys glu ala ala ile asn ile ala asn asp pro asn gly ile thr lys 
gly asp
eye ser ala leu ile ser glu val ala ser tyr phe asp arg ala ala ala ala val 
ala
! generate the psf:
generate pcml setup
! write the psf file:
open unit 1 write form name nmapcml.psf
write psf card unit 1
* pcml beta subunit with nma at 72
*
close unit 1
! build hydrogens on heteroatoms
hbuild
! write coordinates to file
open unit 1 write form name ntqpcmlh.chr
write coor card unit 1
*pcmlbeta coords 
*
close unit 1 
stop
4. Residues and Patches Created for CHARMM 
Residue Topology File (RTF).
N-methyl asparagine, created by Jeff Nelson, 11/89.
RESI NMA 0.00000
GROIJ
ATOM N NH1 -0.35 
ATOM H H 0.25 
ATOM CA CH1E 0.10 
GROU
ATOM CB CH2E 0.00 
GROU
ATOM CG C 0.55
ATOM OD1 O -0.55 
GROU
ATOM ND2 NH1 -0.35 
ATOM HD21 H 0.25
ATOM CD CH3E 0.10! match Huber's definition 
GROU
ATOM C C 0.55
ATOM O O -0.55
BOND N CA CA C C +N C O  N H
BOND CA CB CB CG CG OD1 CG ND2 ND2 HD21 
BOND ND2 CD
DIHE-C N CA C N CA C +N CA C +N +CA
DIHE N CA CB CG CA CB CG OD1 CB CG ND2 CD
IMPHN -C CA H C CA +N O CA N C CB
IMPHCG OD1 ND2 CB ND2 CG CD HD21
DONO H N
DONO HD21 ND2
ACCEOD1CG
ACCEOC
IC -C CA *N H 0.0000 0.00 180.00 0.00 0.0000 
IC -C N CA C 0.0000 0.00 180.00 0.00 0.0000
IC N CA C +N 0.0000 0.00 180.00 0.00 0.0000
IC +N CA *C O 0.0000 0.00 180.00 0.00 0.0000
IC CA C +N +CA 0.0000 0.00 180.00 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 120.00 0.00 0.0000
IC N CA CB CG 0.0000 0.00 60.00 0.00 0.0000
IC CA CB CG OD1 0.0000 0.00 180.00 0.00 0.0000
IC OD1 CB *CG ND2 0.0000 0.00 180.00 0.00 0.0000 
IC OD1 CG ND2 HD21 0.0000 0.00 180.00 0.00 0.0000 
IC HD21 CG *ND2 CD 0.0000 0.00 180.00 0.00 0.0000
CYC, a CYS with attached tetrapyrrole, added by Jeff Nelson, 
11 /89 .
! Numbering and atom names from Huber.
RESICYC -2.00000 
GROU
ATOM N NH1 -0.35 
ATOMH H 0.25 
ATOM CA CH1E 0.10 
GROU
ATOM CB CH2E 0.06 
ATOMSG S -0.12 
ATOM C31 CH1E 0.06 
GROU
ATOM C32 CH3E 0.00 
GROU
ATOM C2 CH1E 0.00 
ATOM C21 CH3E 0.00 
ATOM C3 CH1E 0.00 
GROU
ATOM Cl C 0.55 
ATOMOl O -0.55 
GROU
ATOM N21 NH1 -0.25 
ATOM H21 H 0.25 
GROU
ATOM C4 C 0.00 
ATOM C5 CR1E 0.00 
ATOM C6 C 0.00
273
GROU
ATOM C7 C 0.00 
ATOM C71 CH3E 0.00 
ATOM C8 C 0.00 
ATOM C81 CH2E 0.00 
ATOM C9 C 0.00 
ATOM CIO CR1E 0.00 
GROU
ATOM N22 NH1 -0.25 
ATOM H22 H 0.25 
GROU
ATOM C82 CH2E -0.16 
ATOM C83 C 0.36 
ATOM 084 OC -0.60 
ATOM 085 OC -0.60 
GROU
ATOM Cl 1 C 0.20 
ATOM N23 NR -0.40 
ATOM C14 C 0.20 
GROU
ATOM C12 C 0.00 
ATOM C l21 CH2E 0.00 
ATOM C13 C 0.00 
ATOM C l31 CH3E 0.00 
GROU
ATOM C122 CH2E -0.16 
ATOM C123 C 0.36 
ATOM 0124 OC -0.60 
ATOM 0125 OC -0.60 
GROU
ATOM C15 CR1E 0.00 
ATOM C16 C 0.00
ATOM C17 C 0.00
ATOM C l71 CH3E 0.00 
ATOM Cl 8 C 0.00 
ATOM C l81 CH2E 0.00 
ATOM C l82 CH3E 0.00 
GROU
ATOM N24 NH1 -0.25 
ATOM H24 H 0.25 
GROU
ATOM C19 C 0.55 
ATOM 019 O -0.55 
GROU
ATOM C C 0.55
ATOM O O -0.55 
BOND N CA CA C 
BOND CA CB CB SG 
BOND C3 C2 C2 Cl 
BOND C2 C21 
BOND N21 C4 C4 C3
C +N C O  N H 
SG C31 C31 C32 C31 C3
Cl Ol Cl N21 N21 H21
C4 C5 C5 C6 C6 Cl
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BOND C7 C71 
BOND C83 084 
BOND N22 C6 
BOND C121 C122 
BOND C13 C131 
BOND C14 C15 
BOND C18 C181 
BOND N24 H24 
DIHE-C N CA 
DIHEN CA CB 
DIHESG C31 C3
C7 C8 C8 C81 C81 C82 C82 C83
C83 085 C8 C9 C9 N22 N22 H22
C9 CIO CIO C ll C ll C12 C12 C121
C122C123 C123 0124 C123 0125 C12 C13
C13 C14 C14 N23 N23 C ll
C15 C16 C16 C17 C17 C171 C17 C18
C181C182 C18 C19 C19 019 C19 N24
N24 C16
C N CA C +N CA C +N +CA 
SG CA CB SG C31 CB SG C31 C3
C4 C7 C8 C81 C82 C8 C81 C82 C83
DIHEC81 C82 C83 084 
DIHE C121 C122 C123 0124
C ll C12 C121 C122 
C17 C18 C181 C182
C12 C121 C122 C123
DIHEN21 C4 
DIHEC9 CIO 
XMPHN -C 
IMPH Cl C2 
IMPH C4 C3 
IMPH C6 C7 
IMPH C9 C8 
IMPH C ll  C12 
IMPHC14 C13 
IMPHC16 
IMPHC19 
IMPH C83 
IMPHC31 
DONO H 
DONO H21 
DONO H22
C5 C6 C4 C5 C6 N22 N22 C9 CIO C ll
C ll  N23 N23 C14 C15 C16 C14 C15 C16 N24
CA H C CA +N O CA N C CB 
N21 O l C2 C3 Cl C21 C3 C2 C4 C31
N21 C5 N21 C4 Cl H21
N22 C5 C7 C6 C8 C71 C8 C7 C9 C81
N22 CIO N22 C9 C6 H22
N23 CIO C12 C ll C13 C121 C13 C12 C14 C131
N23 C15 C12 C ll N23 C14 C ll  N23 C14 C13
C17 C16 C18 C171 C18 C17 C19 C181
N24 C19 C16 H24
C123 0124 0125 C122
C17 N24 C15 
Cl 8 N24 019 
084 085 C82 
C3 SG C32 
N
N21 
N22
N24DONO H24 
ACCEO C 
ACCEOl Cl 
ACCE 019 C19 
ACCE N23 
IC -C CA *N
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
IC
-C
N
+N
CA
N
N
CA
CB
C3
SG
C4
C4
C2
C4
C3
N21
N CA 
CA C 
CA *C 
C +N
H 
C 
+N 
O
+CA
C *CA 
CA CB 
CB 
SG 
SG 
C31 
C31 
C3 
C3 
Cl 
Cl 
C2
CB 
SG 
SG C31 
C31 C3 
*C31 C32 
C3 C4 
*C3 C2 
C2 Cl 
C4 N21
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000
0.00 180.00
0.00 180.00 
0.00 180.00
0.00 180.00 
0.00 180.00
0.00 120.00 
0.00 180.00
0.00 180.00
0.00 180.00
0.00 120.00 
0.00 210.00
0.00 120.00 
0.00 0.00
0.00 0.00
0.00 0.0000
0.00 0.0000 
0.00 0.0000
0.00 0.0000 
0.00 0.0000
0.00 0.0000 
0.00 0.0000 
0.00 0.0000 
0.00 0.0000
0.00 0.0000 
0.00 0.0000 
0.00 0.0000 
0.00 0.0000 
0.00 0.0000
*N21 H21 
*C2 C21 
*C1 Ol
0.0000
0.0000
0.0000
0.00 180.00 
0.00 120.00 
0.00 180.00
0.00 0.0000 
0.00 0.0000 
0.00 0.0000
IC C2 C3 C4 C5 0.0000 0.00 180.00 0.00 0.0000
IC C3 C4 C5 C6 0.0000 0.00 -30.00 0.00 0.0000
IC C4 C5 C6 C7 0.0000 0.00 -30.00 0.00 0.0000
IC C5 C6 C7 C8 0.0000 0.00 180.00 0.00 0.0000
IC C6 C8 *C7 C71 0.0000 0.00 180.00 0.00 0.0000
IC C6 C7 C8 C9 0.0000 0.00 0.00 0.00 0.0000
IC C7 C8 C9 N22 0.0000 0.00 0.00 0.00 0.0000
IC C9 C6 *N22 H22 0.0000 0.00 180.0C1 0.00 0.0000
IC C6 C7 C8 C81 0.0000 0.00 180.00 0.00 0.0000
IC C7 C8 C81 C82 0.0000 0.00 90.00 0.00 0.0000
IC C8 C81 C821 C83 0.0000 0.00 180.00 0.00 0.0000
IC C81 C82 C83 084 0.0000 0.00 90.00 0.00 0.0000
IC C82 084 *C83 085 0.0000 0.00 180.00 0.00 0.0000
IC C7 C8 C9 CIO 0.0000 0.00 180.00 0.00 0.0000
IC C8 C9 CIO C ll  0.0000 0.00 -30.00 0.00 0.0000
IC C9 CIO C ll  C12 0.0000 0.00 -30.00 0.00 0.0000
IC CIO C ll  C12 C13 0.0000 0.00 180.00 0.00 0.0000
IC C ll  C12 C13 C14 0.0000 0.00 0.00 0.00 0.0000
IC C12 C13 C14 N23 0.0000 0.00 0.00 0.00 0.0000
IC CIO C ll  C12 0 2 1  0.0000 0.00 0.00 0.00 0.0000
IC C ll  0 2  0 2 1 0 2 2  0.0000 0.00 -90.00 0.00 0.0000
IC C12 0 2 1  0 2 2  0 2 3  0.0000 0.00 -60.00 0.00 0.0000
IC 0 2 1  0 2 2  0 2 3  0124 0.0000 0.00 90.00 0.00 0.0000
IC 0124 0 2 2  * 0 2 3  0125 0.0000 0.00 180.00 0.00 0.0000 
IC C ll  C12 C13 0 3 1  0.0000 0.00 180.00 0.00 0.0000
IC C12 C13 C14 C15 0.0000 0.00 180.00 0.00 0.0000
IC C13 C14 C15 0 6  0.0000 0.00 -30.00 0.00 0.0000
IC C14 C15 C16 C17 0.0000 0.00 -30.00 0.00 0.0000
IC C15 C16 C17 C18 0.0000 0.00 180.00 0.00 0.0000
IC C16 C17 C18 C19 0.0000 0.00 0.00 0.00 0.0000
IC C17 C18 C19 N24 0.0000 0.00 0.00 0.00 0.0000
IC C15 C16 C17 0 7 1  0.0000 0.00 0.00 0.00 0.0000
IC C16 C17 C18 0 8 1  0.0000 0.00 180.00 0.00 0.0000
IC C17 0 8  0 8 1  0 8 2  0.0000 0.00 180.00 0.00 0.0000
IC C18 N24 * 0 9  019 0.0000 0.00 180.00 0.00 0.0000
IC C19 C16 *N24 H24 0.0000 0.00 180.00 0.00 0.0000
Patch asparagine into nma.
{created by Beth Ann Thomas, 7/22/90 
PRES NTN 0.00
GROU
ATOM ND2 NH2 -0.60 
ATOM HD21 H 0.30
ATOM HD22 H 0.30
DELE ATOM CD 
BOND ND2 HD22 
ANGL HD21ND2HD22 
IMPH ND2 HD21 HD22 CG 
DONO HD22ND2
IC HD21 CG *ND2 HD22 0.0000 0.00 180.00 0.00 0.0000
Patch residue to change an NMA to Glutamine.
{created by Jeff Nelson, 6/90 
PRES NTQ 0.00000
GROU
ATOM CG CH2E 0.00 
GROU
ATOM CD C 0.55
ATOM OE1 O -0.55 
GROU
ATOM NE2 NH2 -0.60 
ATOM HE21 H 0.30
ATOM HE22 H 0.30
DELE ATOM OD1 
DELE ATOM ND2 
DELE ATOM HD21
BOND CG CD CD OE1 CD NE2 NE2 HE21NE2 HE22
ANGLCB CG CD CG CD OE1 OE1 CD NE2 CG CD NE2
ANGLHE21 NE2 HE22HE21 NE2 CD HE22 NE2 CD
DIHE CA CB CG CD CB CG CD OE1 CG CD NE2 HE21
IMPH CD OE1 NE2 CG NE2 HE21 HE22 CD
DONO HE21 NE2
DONO HE22 NE2
ACCE OE1 CD
IC CA CB CG CD 0.0000 0.00 180.00 0.00 0.0000
IC CB CG CD OE1 0.0000 0.00 180.00 0.00 0.0000
IC OE1 CG *CD NE2 0.0000 0.00 180.00 0.00 0.0000
IC OE1 CD NE2 HE21 0.0000 0.00 180.00 0.00 0.0000
IC HE21CD *NE2 HE22 0.0000 0.00 180.00 0.00 0.0000
Patch residue to change glutamine to NMG.
{created by Beth Ann Thomas, 7/12/90 
PRES QNM 0.00000
GROU
ATOM NE2 NH1 -0.35 
ATOM HE21 H 0.25
ATOM CE CH3E 0.10
DELE ATOM HE22 
BOND NE2 CE 
ANGL CD NE2 CE 
DIHEOE1 CDNE2HE21 
IMPH NE2 CD FIE 21 CE
IC CD HE21 *NE2 CE 0.0000 0.00 180.00 0.00 0.0000 
Patch residue to change an NMA to Aspartic acid.
! created by Beth Ann Thomas, 6/28/90 
PRES NTD -1.00000
GROU
ATOM CB CH2E -0.16
ATOM CG C 0.36
ATOM OD1 OC -0.60
ATOM OD2 OC -0.60
DELE ATOM HD21
DELE ATOM CD
DELE ATOM ND2
BOND CG OD1 CG OD2
ANGL CB CG OD1 OD1 CG OD2 OD2 CG CB
DIHE CA CB CG OD2 CA CB CG OD1
IMPH CG OD1 OD2CB
ACCE OD2 CG
IC CA CB CG OD1 0.0000 0.00 180.00 0.00 0.0000 
IC OD1 CB *CG OD2 0.0000 0.00 180.00 0.00 0.0000
Patch residue aspartic acid to serine.
Jcreated by BETH ANN THOMAS, 7/13/90 
PRES DTS 
GROU
ATOM CB CH2E 
ATOM OG OH1 
ATOM HG H 
DELE ATOM CG 
DELE ATOM OD1 
DELE ATOM OD2 
BOND CB OG OGHG 
ANGL CB OG HG CA CB OG 
DIHE N CA CB OG CA CB OG HG 
DONO HG OG 
ACCE OG
IC N CA CB OG 0.0000 0.00 180.00 0.00 0.0000 
IC CA CB OG HG 0.0000 0.00 180.00 0.00 0.0000
5. CHARMM Input Files to Create Patches 
at p-72 Site.
Patch Asn into p-72 NMA.
*11/9/92*
! read in topology and parameter files 
OPEN UNIT 1 READ FORM NAME BHTOPH.RTF 
READ RTF CARD UNIT 1 
close unit 1
open unit 1 read form name BHPARAM6_25.PRM 
read param card unit 1 
close unit 1
0.0000
0.25
-0.65
0.40
278
open unit 1 read form name PCMLBRN.PSF 
read psf card unit 1 
close unit 1
open unit 1 read form name PCMLNMATRIMER_BRN.CHR 
read coor card unit 1 
close unit 1
m
!Set up nonbonded interactions
NBONDS ELEC ATOM NOEXtended NOGRad NOQUads SWITched RD1E EPS
4.0
VDW VATOM VS Witched VDIStance -
CUTNB 8.0 CTOFNB 7.5 CTONNB 6.5 WMIN 1.5
energy
! minimize structure 
! shake all bonds 
shake bond tol 1.0e-8
mini sd nstep 200 nprint 20 
mini conj nstep 200 nprint 20 tolenr 0.001 - 
tolgrd 0.001
shake
mini abnr step 0.01 nstep 400 nprint 20 inbfrq 0 ihbfrq 0 - 
strict 0.05
coor rms mass
!open unit 1 write form name pcmlnmatrimer_brn.min 
•write coor card unit 1 
!*pcmlnmatrimer_bm after min 
!*
Iclose unit 1
ICFILL 
IC PRINT
!PATCH ASN INTO B72
PATCH NTN PCML 72 SETUP
RENA RESN ASN SELE RESID 72 END
IC DELETE 
IC EDIT
DIHE 72 HD21 72 CG 72 *ND2 72 HD22 0.00 
END
IC PARA ALL
IC PRINT
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ICEDIT
DIHE 72 HD21 72 CG 72 *ND2 72 HD22 180.00 
END
!COOR INIT SELE ATOM PCML 72 CE END 
IC BUILD 
IC FILL 
IC PRINT 
PRINT COOR
open unit 1 write form name ntnpcmlb.chr
write coor card unit 1
*asn at b72 
*
close unit 1 
STOP
Patch glutamine into p-72 Asn.
*11/5/92*
4c
! read in topology and param eter files 
OPEN UNIT 1 READ FORM NAME BHTQPH.RTF 
READ RTF CARD UNIT 1 
close unit 1
open unit 1 read form name BHPARAM6_25.PRM 
read param card unit 1 
close unit 1
open unit 1 read form name PCMLBRN.PSF 
read psf card unit 1 
close unit 1
open unit 1 read form name PCMLNMATRIMER_BRN.CHR 
read coor card unit 1 
close unit 1
f4t4c4c4t4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c*4c4c4c4c4c4!4c4t4:4c4:4c4c4c4c4c4!4c4c4c4c4c4c
!Set up nonbonded interactions
NBONDS ELEC ATOM NOEXtended NOGRad NOQUads SWITched RDIE EPS
4.0 VDW VATOM VSWItched VDIStance -
CUTNB 8.0 CTOFNB 7.5 CTONNB 6.5 WMIN 1.5
energy
'.minimize structure 
(shake all bonds 
shake bond tol 1.0e-8
mini sd nstep 200 nprint 20
mini conj nstep 2 nprint 20 tolenr 0.001 -
! tolgrd 0.001
shake
mini abnr step 0.01 nstep 200 nprint 20 inbfrq 0 ihbfrq 0 - 
! strict 0.05
open unit 1 read form name pcmlnmatrimer_bm.min 
read coor card unit 1 
close unit 1
ICFILL 
IC PRINT
IPATCH GLN INTO p-72
PATCH NTQ PCML 72 SETUP
RENA RESN GLN SELE RESID 72 END
IC DELETE 
ICEDIT
DIHE 72 CA 72 CB 72 CG 72 CD 0.00 
DIHE 72 CB 72 CG 72 CD 72 OE1 0.00 
DIHE 72 OE1 72 CG 72 *CD 72 NE2 0.00 
DIHE 72 OE1 72 CD 72 NE2 72 HE21 0.00 
DIHE 72 HE21 72 CD 72 *NE2 72 HE22 0.00 
END
IC PARA ALL
IC PRINT 
ICEDIT
DIHE 72 CA 72 CB 72 CG 72 CD 180.00 
DIHE 72 CB 72 CG 72 CD 72 OE1 180.00 
DIHE 72 OE1 72 CG 72 *CD 72 NE2 180.00 
DIHE 72 OE1 72 CD 72 NE2 72 HE21 180.00 
DIHE 72 HE21 72 CD 72 *NE2 72 HE22 180.00 
END
COOR INIT SELE ATOM PCML 72 CD END 
COOR INIT SELE ATOM PCML 72 OE1 END 
COOR INIT SELE ATOM PCML 72 NE2 END 
COOR INIT SELE ATOM PCML 72 HE21 END 
COOR INIT SELE ATOM PCML 72 HE22 END 
IC BUILD 
ICFILL 
IC PRINT 
PRINT COOR
open unit 1 write form name ntqpcmlb.chr
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write coor card unit 1
*gln at b72 
*
close unit 1 
STOP
Patch NMG into 072 Gin.
*11/5/92*
*
! read in topology and param eter files
OPEN UNIT 1 READ FORM NAME BHTOPH.RTF 
READ RTF CARD UNIT 1 
close unit 1
open unit 1 read form name BHPARAM6_25.PRM 
read param card unit 1 
close unit 1
open unit 1 read form name NTQPCML.PSF 
read psf card unit 1 
close unit 1
open unit 1 read form name NTQPCMLB.CHR 
read coor card unit 1 
close unit 1
!Set up nonbonded interactions
NBONDS ELEC ATOM NOEXtended NOGRad NOQUads SWITched RDIE EPS
4 .0 -
VDW VATOM VSWItched VDIStance - 
CUTNB 8.0 CTOFNB 7.5 CTONNB 6.5 WMIN 1.5
energy
{minimize structure 
{shake all bonds 
shake bond tol 1.0e-8
mini sd nstep 200 nprint 20 
mini conj nstep 200 nprint 20 tolenr 0.001 - 
tolgrd 0.001
shake
mini abnr step 0.01 nstep 400 nprint 20 inbfrq 0 ihbfrq 0 - 
strict 0.05
coor rms mass
open unit 1 write form name pcmlnmatrimer_bm.min 
write coor card unit 1
*pcmlnrnatrimer_brn after min 
*
close unit 1
ICFILL 
IC PRINT
IPATCH NMG INTO p-72 
PATCH QNM PCML 72 SETUP 
RENA RESN NMG SELE RESID 72 END
IC DELETE 
ICEDIT
DIHE 72 CD 72 HE21 72 *NE2 72 CE 0.00 
END
IC PARA ALL
IC PRINT 
ICEDIT
DIHE 72 CD 72 HE21 72 *NE2 72 CE 180.00 
END
COOR INIT SELE ATOM PCML 72 CE END
IC BUILD
ICFILL
IC PRINT
PRINT COOR
open unit 1 write form name nmgpcmlb.chr
write coor card unit 1
*nmg at p-72 
*
close unit 1 
STOP
Patch Asp into p-72 NMA.
! read in topology and param eter files
OPEN UNIT 1 READ FORM NAME BHTOPH.RTF 
READ RTF CARD UNIT 1 
close unit 1
open unit 1 read form name BHPARAM.PRM 
read param card unit 1 
close unit 1
open unit 1 read form name PCMLBRN.PSF
read psf card unit 1 
close unit 1
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open unit 1 read form name PCMLNMATRIMER_BRN.CHR 
read coor card unit 1 
close unit 1
^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **
!Set up nonbonded interactions
NBONDS ELEC ATOM NOEXtended NOGRad NOQUads SWITched RDIE EPS
4.0
VDW VATOM VS Witched VDIStance -
CUTNB 8.0 CTOFNB 7.5 CTONNB 6.5 WMIN 1.5
energy
Iminimize structure 
! shake all bonds 
shake bond tol 1.0e-8
mini sd nstep 2.00 nprint 20 
mini conj nstep 2.00 nprint 20 tolenr 0.001 - 
tolgrd 0.001
shake
mini abnr step 0.01 nstep 4.00 nprint 20 inbfirq 0 ihbfirq 0 - 
strict 0.05
coor rms mass
open unit 1 write form name pcmlnmatrimer_bm.min
write coor card unit 1
*pcmlnmatrimer_brn after min 
*
close unit 1
IC DELETE 
icedit
DIHE 72 OD1 72 CG 72 ND2 72 HD21 0.00 
DIHE 72 HD21 72 CG 72 *ND2 72 CD 0.00 
END
ICFILL 
IC PRINT
JPATCH ASP INTO p72 
PATCH NTD PCML 72 SETUP 
RENA RESN ASP SELE RESID 72 END
IC DELETE 
ICEDIT
DIHE 72 CA 72 CB 72 CG 72 OD1 0.00
DIME 72 0D1 72 CB 72 *CG 72 OD2 0.00 
END
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IC PARA ALL
IC PRINT 
ICEDIT
DIHE 72 CA 72 CB 72 CG 72 OD1 180.00 
DIHE 72 CA 72 CB 72 *CG 72 OD2 180.00 
END
CCX)R 1NIT SELE ATOM PCML 72 OD2 END
IC BUILD
1C. FILL
IC PRINT
PRINT COOR
open unit 1 write form name ntdpcmlb.chr
write coor card unit 1
*asp at p-72 
*
close unit 1 
STOP
Patch Ser into p-72 Asp.
*11/5/92*
! read in topology and param eter files 
OPEN UNIT 1 READ FORM NAME BHTOPH.RTF 
READ RTF CARD UNIT 1 
close unit 1
open unit 1 read form name BHPARAM6_25.PRM 
read param card unit 1 
close unit 1
open unit 1 read form name NTDPCML.PSF 
read psf card unit 1 
close unit 1
open unit 1 read form name NTDPCMLB.CHR 
read coot card unit 1 
close unit 1
f t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
!Set up nonbonded interactions
NBONDS ELEC ATOM NOEXtended NOGRad NOQUads SWITched RD1E EPS
4.0
VDW VATOM VS Witched VDIStance - 
CUTNB 8.0 CTOFNB 7.5 CTONNB 6.5 WMIN 1.5
energy
! minimize structure 
! shake all bonds 
shake bond tol 1.0e-8
mini sd nstep 200 nprint 20 
mini conj nstep 200 nprint 20 tolenr 0.001 - 
tolgrd 0.001
shake
mini abnr step 0.01 nstep 400 nprint 20 inbfirq 0 ihbfrq 0 - 
strict 0.05
IPATCH SER INTO p-72 
PATCH DTS PCML 72 SETUP 
RENA RESN SER SELE RESID 72 END
IC DELETE 
ICEDIT
DIHE 72 N 72 CA 72 CB 72 OG 0.00 
DIHE 72 CA 72 CB 72 OG 72 HG 0.00 
END
IC PARA ALL
IC PRINT 
ICEDIT
DIHE 72 N 72 CA 72 CB 72 OG 180.00 
DIHE 72 CA 72 CB 72 OG 72 HG 180.00 
END
COOR INIT SELE ATOM PCML 72 OG END
COOR INIT SELE ATOM PCML 72 HG END
IC BUILD
ICFILL
IC PRINT
PRINT COOR
open unit 1 write form name dtspcmlb.chr
write coor card unit 1
*ser at b72 
♦
close unit 1 
STOP
6. CHARMM Input Files for
Molecular Dynamics Simulations.
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Dynamics of site-directed mutants 
* Dynamics of site-directed mutants, mutdyn.inp
! Here we set the file name.
! files will be @6300heat, @6300run#,
! with a suffix for cycle # (0 to @7).
set 6 nma
f * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
•
OPEN UNIT 1 READ FORM NAME BHTOPH.RTF 
READ RTF CARD UNIT 1 
CLOSE UNIT 1
OPEN UNIT 1 READ FORM NAME BHPARAM6_25.PRM 
READ PARAMETER CARD UNIT 1 
CLOSE UNIT 1
OPEN UNIT 1 READ FORM NAME PCMLBRN.PSF 
READ PSF CARD UNIT 1 
CLOSE UNIT 1
OPEN UNIT 1 READ FORM NAME PCMLNMATRIMER_B RN. CRD 
READ COOR CARD UNIT 1 
CLOSE UNIT 1
» * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
•
! Set up nonbonded interactions
NBONDS ELEC ATOM NOEXtended NOGRad NOQUads SWITched RDIE EPS
4.0
VDW VATOM VSWItched VDIStance -
CUTNB 8.0 CTOFNB 7.5 CTONNB 6.5 WRNMXD 99.0 WMIN 1.5 
! from Paraml9:
! NONBONDED NBXMOD 5 ATOM CDIEL SHIFT VATOM VDISTANCE 
VSHIFT-
! CUTNB 8.0 CTOFNB 7.5 CTONNB 6.5 EPS 1.0 E14FAC 0.4 WMIN
1.5
HBONDS ALL 
ENERGY
!minimize structure
! shake all bonds first
shake bond para tol 1.0e-8
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mini sd nstep 500 nprint 20 
mini conj nstep 500 nprint 20 tolenr 0.001 - 
tolgrd 0.001
shake
mini abnr step 0.01 nstep 1000 nprint 20 inbfrq 0 ihbfirq 0 - 
strict 0.05
shake bond para tol 1.0e-8
•
set 2 @6300heat
! Heating and pre-equilibration: 10 psec
OPEN UNIT 20 FORM WRITE NAME @2.RST 
OPEN UNIT 21 UNFORM WRITE NAME @2.DCD 
OPEN UNIT 22 FORM WRITE NAME @2.ENG
DYNAmics VERLet STRT NSTEP 5000 TIMESTEP 0.002 INBFRQ 0 IHBFRQ 
0 -
IUNREA -1 IUNWRI2 0 IUNCRD 2 1 IUNVEL -1 KUNIT 22 - 
NSAVC 50 NPRINT 100IPRFRQ 250 - 
IHTFRQ 100 FIRSTT 0.0 FINALT 300.0 TEMINC 30.0 - 
TWINDH 10.0 TWINDL -10.0 IEQFRQ 200 NTRFRQ 200
CLOSE UNIT 20 
CLOSE UNIT 21 
CLOSE UNIT 22
! Equilibration run: 10 psec
set 1 @6300heat 
set 2 @6300equill
OPEN UNIT 10 FORM READ NAME @ 1 .RST
OPEN UNIT 20 FORM WRITE NAME @2.RST
OPEN UNIT 21 UNFORM WRITE NAME @2.DCD 
OPEN UNIT 22 FORM WRITE NAME @2.ENG
DYNAmics VERLet RESTRT NSTEP 5000 TIMESTEP 0.002 INBFRQ 0 
IHBFRQ 0
IUNREA 10 IUNWRI 20 IUNCRD 21 IUNVEL -1 KUNIT 22 - 
NSAVC 250 NPRINT 100 IPRFRQ 500 - 
IHTFRQ 0 FIRSTT 300.0 FINALT 300.0 TEMINC 0.0 - 
TWINDH 10.0 TWINDL -10.0 IEQFRQ 500 NTRFRQ 0
CLOSE UNIT10 
CLOSE UNIT 20 
CLOSE UNIT 21
CLOSE UNIT 22
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!here run dynamics at 300K for 50 cycles w/ little temp regulation.
set 1 @6300equill 
set 2 @6300runl
open unit 10 form read name @ 1 .rst
open unit 20 form write name @2.rst 
open unit 21 unform write name <3>2.dcd 
open unit 22 form write name @2.eng
dynamics verlet restrt nstep 5000 timestep 0.002 inbfrq 0 ihbfrq 0 - 
iunread 10 iunwri 20 iuncrd 21 iunvel -1 kunit 22 - 
nsavc 250 nprint 100 iprfrq 500 - 
ihtfrq 0 firstt 300.0 finalt 300.0 teminc 0.0 - 
twindh 10.0 twindl -10.0 ieqfrq 0 ntrfrq 0
close unit 10 
close unit 20 
close unit 21 
close unit 22
set 8 1 
set 9 2
label dynloop 
set 1 @630Qrun@8 
set 2 @6300run(2>9
open unit 10 form read name @ 1 .rst
open unit 20 form write name @2.rst 
open unit 21 unform write name @2.dcd 
open unit 22 form write name @2.eng
dynamics verlet restrt nstep 5000 timestep 0.002 inbfrq 0 ihbfrq 0 - 
iunread 10 iunwri 20 iuncrd 21 iunvel -1 kunit 22 - 
nsavc 250 nprint 100 iprfrq 500 - 
ihtfrq 0 firstt 300.0 finalt 300.0 teminc 0.0 - 
twindh 10.0 twindl -10.0 ieqfrq 0 ntrfrq 0
coor orient rms mass 
increment 8 by 1 
increment 9 by 1 
if 8 le 5 goto dynloop 
STOP 
END
Dynamics of site-directed mutants. 
* Dynamics of pc mutants
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* cool from 300K to 0 and minimize output 
bomblev -3
» * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
•
OPEN UNIT 1 READ FORM NAME BHTOPH.RTF 
READ RTF card UNIT 1 
CLOSE UNIT 1
OPEN UNIT 1 READ FORM NAME BHPARAM6_25.PKM 
READ PARAMETER card UNIT 1 
CLOSE UNIT 1
open unit 1 read form name PCMLBRN.PSF 
read psf card unit 1 
CLOSE UNIT 1
open unit 1 read form name PCMLNMATRIMER_BRN.CHR 
read coor card unit 1 
close unit 1
i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*
! Set up nonbonded interactions
NBONDS ELEC ATOM NOEXtended NOGRad NOQUads SWITched RDIE EPS
4 .0 -
VDW VATOM VSWItched VDIStance -
CUTNB 8.0 CTOFNB 7.5 CTONNB 6.5 WRNMXD 0.5 WMIN 1.5 
! from Param l9:
! NONBONDED NBXMOD 5 ATOM CDIEL SHIFT VATOM VDISTANCE 
VSHIFT -
! CUTNB 8.0 CTOFNB 7.5 CTONNB 6.5 EPS 1.0 E14FAC 0.4 WMIN
1.5
! H-bonding (Param eter file does not include H-bonding param eters) 
HBQNDS ALL
energy
shake bond para tol 1.0e-8
!here we will quench to OK for each 10 psec group
set 3 1
set 4 2
set 6 nma
label dynloop
set 1 @6300run@3
set 2 @6300cool@3
OPEN UNIT 10 FORM READ NAME @ 1 .RST
OPEN UNIT 20 FORM WRITE NAME @2.RST
OPEN UNIT 21 UNFORM WRITE NAME @2.DCD 
OPEN UNIT 22 FORM WRITE NAME @2.ENG
DYNAmics VERLet RESTRT NSTEP 5000 TIMESTEP 0.002 INBFRQ 0 
IHBFRQ 0
IUNREA 10 IUNWRI 20 IUNCRD 21 IUNVEL -1 KUNIT 22 - 
NSAVC 10 NPRINT 10 IPRFRQ 200 - 
IHTFRQ 100 FIRSTT 300.0 FINALT 0.0 TEMINC -30.0 - 
TWINDH 10.0 TWINDL -10.0 IEQFRQ 200 NTRFRQ 200
CLOSE UNIT 10 
CLOSE UNIT 20 
CLOSE UNIT 21 
CLOSE UNIT 22
label dynloop
set 1 @63Q0cool@3 
set 2 @6300cool@4
OPEN UNIT 10 FORM READ NAME @ 1 .RST
OPEN UNIT 20 FORM WRITE NAME @2.RST
OPEN UNIT 21 UNFORM WRITE NAME @2.DCD
OPEN UNIT 22 FORM WRITE NAME @2.ENG
DYNAmics VERLet RESTRT NSTEP 5000 TIMESTEP 0.002 INBFRQ 0 
IHBFRQ 0
IUNREA 10 IUNWRI 20 IUNCRD 21 IUNVEL -1 KUNIT 22 - 
NSAVC 10 NPRINT 10 IPRFRQ 200 - 
IHTFRQ 0 FIRSTT 300.0 FINALT 0.0 TEMINC -30.0 - 
TWINDH 10.0 TWINDL -10.0 IEQFRQ 0 NTRFRQ 0
CLOSE UNIT10 
CLOSE UNIT 20 
CLOSE UNIT 21 
CLOSE UNIT 22
coor orient rms mass
!now minimize each cooled structure
!shake all bonds 
shake bond para tol 1.0e-8
mini sd nstep 500 nprint 20 
mini conj nstep 1000 nprint 20 tolenr 0.001 - 
tolgrd 0.001
shake
mini abnr step 0.01 nstep 2000 nprint 20 inbfrq 0 ihbfrq 0 - 
strict 0.05
open unit 10 write form name @6300cool@4.crd
write coor card unit 10 
*
close unit 10
increment 3 by 1 
increment 4 by 1 
if 4 le 5 goto dynloop
STOP
END
Calculate time series for selected dihedral angles
during dynamics trajectory.
*
bomblev -3 
set 6 ntn
|  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
OPEN UNIT 1 READ FORM NAME BHTOPH.RTF 
READ RTF card UNIT 1 
close unit 1
OPEN UNIT 1 READ FORM NAME BHPARAM6_25.PRM 
READ PARAMETER card UNIT 1 
close unit 1
OPEN UNIT 1 READ FORM NAME NTNPCML.PSF 
READ PSF CARD UNIT 1 
CLOSE UNIT 1
OPEN UNIT 1 READ FORM NAME NTNPCMLB.CHR 
READ COOR CARD UNIT 1 
CLOSE UNIT 1
t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
set 8 1 
set 9 2
label dynloop 
set 1 @6300run@8
open unit 40 unform read name @ 1 .dcd
correl maxtimesteps 5000 maxseries 60 maxatoms 200
enter phi dihe pcml 82 C3 82 C4 82 C5 82 C6 
enter ph2 dihe pcml 82 C4 82 C5 82 C6 82 C7 
enter ph3 dihe pcml 82 C8 82 C9 82 CIO 82 Cl 1 
enter ph4 dihe pcml 82 C9 82 CIO 82 Cl 1 82 C12 
enter ph5 dihe pcml 82 C13 82 C14 82 C15 82 C16 
enter ph6 dihe pcml 82 C14 82 C15 82 C16 82 C17
!read trajectory & get dihedrals
traj firstu 40 skip 10 
show all
open unit 10 write form name @1.phi
write phi dumb time unit 10
*phl @1 
*
open unit 10 write form name @l.ph2
write ph2 dumb time unit 10
*ph2 1@
*
open unit 10 write form name @l.ph3 
write ph3 dumb time unit 10
* ph3 1@
*
open unit 10 write form name @l.ph4
write ph4 dumb time unit 10
*ph4(2>l
*
open unit 11 write form name @l.ph5
write ph5 dumb time unit 11
*ph5 @1 
*
open unit 11 write form name @l.ph6
write ph6 dumb time unit 11
*ph6 @ 1 
*
increment 8 by 1 
increment 9 by 1 
if 8 le 4 goto dynloop 
STOP 
END
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